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SOME FUNCTIONS OF 2-HYDROXYBENZOPHENONES 
AS WEATHERING STABILIZERS FOR POLYMERS 


J. H. Chaudet and J. W. Tamblyn 


Tennessee Eastman Company, Division of Eastman Kodak Company, 
Kingsport, Tennessee 

Derivatives of 2-hydroxybenzophenone are well-known 
stabilizers for such polymers as cellulose acetate 

butyrate and polyesters. Their stabilization effectiveness 

is commonly associated with their ability to screen a polymer 
from the harmful ultraviolet radiation found in sunlight. 
They also satisfy other requirements for effective 

stabilizers, namely, compatibility with many polymers 

and an inherent stability to ultraviolet light. 

Several other functions of 2 hydroxybenzophenones in 
stabilizing a polymer to ultraviolet light have been postulated, 
but little experimental data related to them are 

available. This paper deals with some of the 

additional functions of 2-hydroxybenzophenones in 
weathering stabilization as investigated by nuclear magnetic 
resonance spectroscopy (NMR) and electron 

paramagnetic resonance spectroscopy (EPR). 


A METHOD FOR DETERMINATION OF MAXIMUM 
HEAT RESISTANCE OF PLASTICS 


I. F. Kanavetz and L. G. Batalov 


Translated from: Russian Plastics, March 1960 


A new method for measuring heat stability and temperature 
of degradation of thermosetting plastics is described, as 
well as an improved method for the determination 

of transition temperature into glassy or viscous state for 
thermosetting resins. Magnitude of elastic deformation 

is tied in with length of polymer chain and lattice density. 


DIELECTRIC PROPERTIES OF PLASTICIZED 
MELAMINE RESINS 


W. C. Schneider 


American Cyanamid Company, Stamford, Conn. 


During the last thirty years, dielectric measurements have 
been employed extensively to provide a better understanding 
of the interactions between polymer and plasticizer in 
various thermoplastic formulations. Recently, a series 

of melamine resins, plasticized to the extent that 

shrinkage and internal stress were modified, became 

available. Since there is little information in the literature 
concerning the dielectric properties of such thermosetting 
resins, a study was made of the variation of dielectric 
constant and loss as a function of frequency and temperature. 


CRYOGENIC ADHESIVE PROPERTIES OF 
BISPHENOL-A EPOXY RESINS 


M. J. Hiza and P. L. Barrick 


Cryogenic Engineering Laboratory, National Bureau of Standards 


This article includes a comparison of the adhesive 
properties of bisphenol-A expoxides at 300°K and 76°K 


clip these briefs for easy reference on 3” x 5’ or other suitable filing cards 
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with respect to the molecular weight of the uncured resins. 
Joints of 2024 aluminum were tested at 300°K and 76°K in 
tensile-shear and in impact-shear, and total linear thermal 
contraction of the cured resins was measured between 

the two temperatures. Results are discussed with 

respect to residual joint stresses and 

adsorptive properties of the resins. 


ELECTRICAL RESISTIVITY OF POLYMERS 


R. W. Warfield and M. C. Petree 
U.S. Naval Ordnance Laboratory, Silver Spring, Md. 


The magnitude and temperature dependence of the 
electrical resistivities of a number of thermoplastic and 
thermosetting high polymers have been determined. 
Activation energies ies the electrical conduction 

process E,, have been calculated and found to 

vary from 12 to 60 Kcal/mole depending upon the 
structure of the polymer. Results are interpreted in terms 
of an ionic diffusion process and discussed in terms 

of the structure of the polymers. 


POLYETHYLENE FLOW DATA FROM MELT 
VISCOMETER AND COMMERCIAL EXTRUDER 
MEASUREMENTS 


H. P. Schreiber 


Central Research Laboratory, Canadian Industries Ltd., 
McMasterville, Que., Canada 


For broad ranges of operating conditions and a wide 
variety of high pressure polyethylenes, the flow data 
obtained from a high shear viscometer and a commercial 
extruder are identical. Discrepancies between flow data can 
result from non steady state viscosities in the high shear 
viscometer, or from cooled screw extruder operation. 

In the broad regions in which the flow data concur, the 
readily obtained viscometer data are suitable for predictions 
of extruder performance. The principle is illustrated by the 
good correlation of a viscometer flow curve parameter and 
the screw power consumption in the extruder. 

Principles outlined for flow data identity and extruder 
performance prediction are believed to be general, 

but the quantitative limits defined are specific to 

the extrusion devices involved. 


AN INVESTIGATION OF SOME VARIABLES AFFECTING 
IMPACT RESISTANCE OF THERMOPLASTICS 


E. G. Bobalek and R. M. Evans*® 
Case Institute of Technology, °Master Mechanics Co., Cleveland, O. . 


Recent technology has evolved a number of dissimilar 
thermoplastics which under conditions of ambient 
temperature and impact loading show both the high 
modulus, which is mainly a property of brittle polymers 
in the glassy state, and also the impact resistance, 

such as may be expected of polymers in the rubbery 
state. Several of these special plastics were examined by 
electronmicroscopy and also with respect to several 
aspects of their mechanical behavior to establish by direct 
observation and inference whether or not different types of 
plastics exhibit some common features of structure which 
promote impact resistance. These observations suggest 
the hypothesis that special circumstances of domain 
heterogeneity can override many other variables 

of composition or molecular structures in 

controlling the fracture mechanism. 
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Editorial 
How Can Scientists 


Keep Up With Science? 


The spectacular growth of scientific research and technology in recent years has led to 
vast changes in the lives of people all over the world. At the same time, the great out- 
pouring of new technical information has posed a staggering question for the architect 
of this progress—the technical man. In an age of such rapid technical development, 
how does he keep from becoming technically obsolete? 


The technical man has to take some preventive steps of his own. 


He must realize that keeping himself aware of the pertinent happenings in the world 
of science is his personal responsibility. It has been said that science is not an activity 
that goes on in laboratories but rather is an activity that takes place in the mind. The 
man who doesn’t keep up with his contemporaries betrays himself and his profession. 


He must accept the fact that no man can master more than one general field. Science 
and technology have become too comprehensive to allow for the technical jack-of-all- 
trades. 


He must recognize the absolute need for continuing to broaden his knowledge—in his 
own and in related fields—without letting his basic tools of knowledge, the fundamen- 
tals, grow dull. New developments may come with dizzying speed, but the fundamen- 
tals change scarcely at all. 


In order to keep himself abreast of new developments, new concepts and new technical 
tools, the perceptive individual quickly learns the value of being an avid but selective 
reader. He learns the mechanics of getting information—that is, where to obtain facts, 
whom to ask for specialized knowledge, what facilities for advanced study are avail- 
able, etc. Finally, he seeks to widen his acquaintance among other people doing tech- 
nical work, particularly in different fields. The “lone wolf” who keeps aloof from his 
fellows doesn’t allow himself much opportunity to grow. 


There is much each man can and should do for himself to guard against obsolescence, 
but of course he cannot do all of it alone. In an industrial research organization, the top 
echelon of management bears a supplemental responsibility. 


Management has to help the industrial research man grow by offering him challenging 
work—work that will stretch his brains and tempt his intellectual powers. A good sys- 
tem of handling technical information should be maintained, along with an efficiently 
operated and well-stocked technical library. 


There are other things management can do. Technical people should be encouraged to 
participate in a reasonable number of scientific meetings. They should be urged to pub- 
lish their work when it is worth while, but dissuaded from flooding the literature. The 
should not be encumbered by unessential administrative duties. And they should be 
adequately rewarded for technical achievement, both in money and recognition, since 
such rewards can be a strong stimulus for people to keep up to date in their professions. 
The technical man exists, in a sense, to carry out what an economist recently referred 
to as “creative destruction’—he works to mike technology obsolete. 


But he doesn’t let the same thing happen to him. 


EGER V. MURPHREE 
President 
Esso Research and Engineering Company 
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Some Functions of 


2-Hydroxybenzophenones 
as Weathering Stabilizers 


Nuclear magnetic resonance spectroscopy 
shows that these compounds increase 
ultraviolet stabilization by increasing 
chelate hydrogen bond strength. Also 
2-hydroxybenzophenones interferes with 
free radical reactions 


of 2-hydroxybenzophenone are  well- 
known stabilizers for such polymers as cellulose 
acetate butyrate and polyesters. Their stabilization ef- 
fectiveness is commonly associated with their ability to 
screen a polymer from the harmful ultraviolet radiation 
found in sunlight. They also satisfy other requirements 
for effective stabilizers, namely, compatibility with many 
polymers and an inherent stability to ultraviolet light. 
Several other functions of 2-hydroxybenzophenones 
in stabilizing a polymer to ultraviolet light have been 
postulated, but little experimental data related to them 
are available (1). This paper deals with some of the 
additional functions of 2-hydroxybenzophenones — in 
weathering stabilization as investigated by nuclear mag- 
netic resonance spectroscopy (NMR) and_ electron 
paramagnetic resonance spectroscopy (EPR). 


Chelate Hydrogen Bonding and Polymer 
Stabilization 

The NMR spectra of 2-hydroxybenzophenone deriva- 
tives usually show a hydroxy proton resonance near 
—300 cps relative to the proton resonance of water. The 
spectrum of 2-hydroxy-4-methoxybenzophenone in 
methylene chloride is given in Figure 1. The peak as- 
signments are indicated. This spectrum is fairly typical 
for 2-hydroxybenzophenones. This spectrum, as well as 
other NMR data reported here, were obtained with a 
Varian high-resolution instrument at a frequency of 40 
me. Tetramethylsilane was used as an internal reference 
for determining peak positions. 

The hydroxy proton resonance observed for the 2- 
hydroxybenzophenones did not shift in position when a 
given derivative was diluted with solvent. This insen- 
sitivity to concentration attested to the stability of the 
hydrogen bonding in the chelate structure. In structures 
in which there is only intermolecular hydrogen bonding, 
such as 4-hydroxybenzophenone, the hydroxy resonance 
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for Polymers 


J. H. Chaudet and J. W. Tamblyn 
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Division of Eastman Kodak Company 
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shifted to higher field values with dilution. This shift 
corresponded to a reduction in ee bond strength. 

It was observed that the chemical shift position of 
the hydroxy proton resonance differed somewhat for the 
various 2-hydroxybenzophenones. This variation sug- 
gested that the hydrogen bond strength was not the 
same in the chelates of all the compounds. The chemi- 
cal shift position for the hydroxy proton resonance has 
been shown to be a measure of the hydrogen bond 
strength in chelate structures. The more negative the 
chemical shift position for this proton, the stronger is 
the hydrogen bond strength in the chelate (2). 

In Table 1 are listed the hydroxy chemical shift posi- 
tions for several 2-hydroxybenzophenone derivatives. 
Methylene chloride or acetone was used as the solvent. 
Also given are the ultraviolet stabilization values for 
these compounds in cellulose acetate butyrate. It ap- 
pears from these data that, as the position of the hy- 
droxy resonance goes to lower field values, the stabiliza- 
tion effectiveness increases. 

More detailed data are given in Figure 2, where the 
stabilization ratings for several 2-hydroxybenzophenones 
in cellulose acetate butyrate at a concentration of 1% 
are plotted against the corresponding hydroxy chemical 
shift positions. The stabilization ratings were determined 
on 50-mil-thick, compression-molded sheets of polymer 
containing dibutyl sebacate as a plasticizer. Ultraviolet — 
exposures were made in a modified Atlas Weather- 
Ometer (3). A condition of brittleness was defined to 
have been reached when the sample broke at a bend 
angle of less than 90° in the Tour-Marshall test for 
stiffness in flexure (4). The stabilization rating of the 
additive was the ratio of the embrittlement time for the 
polymer with additive to the embrittlement time in the 
absence of additive. 

The highest point on this curve is that for 3-benzoyl- 
2,4-dihydroxybenzophenone and the lowest points, —150 
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and —162 cps, are for 4,4’-dihydroxybenzophenone 
(concentrated solution) and 2,6-dihydroxybenzophenone, 
respectively. The point corresponding to a chemical 
shift of —220 eps is that for 2,2’-dihydroxybenzophe- 
none. The other points, which are centered near —300 
cps, are for 2-hydroxybenzophenone derivatives which 
contain a single hydroxy group ortho to the carbonyl 
group. 

The relation of Figure 2 shows that the ultraviolet 
stabilization observed for the hydroxybenzophenones is 
related to the chemical shift position of the hydroxy 
proton. The more negative this position, that is, the 
stronger the hydrogen bonding in the chelate, the bet- 
ter the compound is as a light stabilizer. 

In Figure 3 is shown a similar relation between the 
stabilization rating and hydroxy peak position for 2- 
hydroxybenzophenones in 5% concentration in a sulfone 
polyester having the structure indicated. The dotted line 
is the relation observed for cellulose acetate butyrate 
from Figure 2. The sulfone polyester is inherently less 
stable to sunlight than cellulose acetate butyrate. Again 


Table 1. Relation of Hydroxy Chemical Shift 
in 2-Hydroxybenzophenones to Their 
Effectiveness in Stabilizing Cellulose Acetate 


Butyrate 
OH Stabilizing 
Chem. Effectiveness," 

Additive Shift, Hr. in Modified 
(1% concn.) Cps Weather-Ometer 
None — 200 
2,6-Dihydroxybenzophenone —160 600 
2,2’-Dihydroxybenzophenone —222 1000 
2,4-Dihydroxybenzophenone —282 2400 
2-Hydroxy-4, 

4’-dimethoxybenzophenone —312 >2600 
3-Benzoyl-2, 

4-dihydroxybenzophenone —358 >4000 


* Exposure time required to cause 25% loss in flexural strength. 
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45 Figure 1. NMR spectrum of 2- 
hydroxy-4-methoxybenzophenone 


this plot implies that the stronger the hydrogen bonding 
in the chelate the more effective the 2-hydroxybenzo- 
phenone is as a weathering stabilizer. 

The role that the hydrogen wie a plays in the ul- 
traviolet stabilization by 2-hydroxybenzophenones is 
not clearly known. Hydrogen bonding probably accounts 
to a certain extent for the screening action shown by 
these compounds in the ultraviolet region of 300 to 400 
my; however, no direct correlation between ultraviolet 
absorption data and stabilization has been found. In ad- 
dition, this bonding is believed to be involved in the 
degradation of absorbed ultraviolet quanta. One way in 
which such a degradation of energy may occur is as 
follows: 


O--HO O- HO’ 


An ionic resonance structure resulting from electronic 
excitation may be formed with the absorption of an 
ultraviolet quantum. In this structure the hydrogen atom 
would be expected to be shared more equally between 
the two oxygen atoms. A stronger hydrogen bond in the 
chelate would be expected to promote the formation of 
the ionic structure. The resonance energy of this system 
could feasibly be redistributed among the various vibra- 
tional modes in the molecule in returning to the non- 
ionic state and eventually be transferred harmlessly to 


+ nkT 


‘the polymer as heat. 


Factors Affecting the Chelate Hydrogen 
Bond Strength 

From data collected on approximately forty 2-hy- 
droxybenzophenone derivatives by NMR, certain trends 
which seem to have some bearing on the chemical shift 
position of the hydroxy proton and consequently on the 
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hydrogen bond strength in the chelate were indicated. 
In Table 2 are given the hydroxy chemical shift posi- 
tions for 2-hydroxybenzophenone and several related 
compounds of interest. These data indicate that the un- 
substituted phenyl on does not make an appreciable 
contribution to the hydrogen bonding. Where this group 
is replaced by a methyl group, as in 2’-hydroxyaceto- 
phenone, the hydroxy chemical shift value is slightly 
more negative, and the hydrogen bond strength is in- 
creased somewhat. A similar increase in bond strength 
was observed in going from 2-hydroxy-4-methylbenzo- 
phenone to the corresponding dichelate structure in 
which the chelates are separated by a polymethylene 
bridge. 

Models for 2-hydroxybenzophenone indicate that, for 
maximum hydrogen bond strength in the chelate, the 
carbonyl group and the benzene ring to which the hy- 
droxy group is attached must be approximately coplanar. 


Table 2. Contribution of Phenyl Group to 
Hydroxy Chemical Shift 


OH Chem. 
Structure Shift, Cps 
@ 
_HO 
oO” 
—280 
CH;—C 
fom 
—286 
OH... HO 
fe) 
—299 
—(CH2),—C 
CHs 


The unsubstituted phenyl group in these compounds 
under these conditions is sterically hindered from being 
coplanar with the carbonyl group. 

The hydroxy chemical shift of the 2-hydroxybenzo- 
phenones varied somewhat as different functional groups 
were substituted on the ring to which the hydroxy 
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zophenones to their effectiveness 
in stabilizing a polyester 
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Table 3. Effect of Substituents on Hydrogen 
Bond Strength i in 


O---HO 
| 
Cc 
OH Chem 
¥ Shift, Cps 
None —270 
4-Methoxy- —310 
5-Methoxy- —244 
5-Nitro- —307 
4-Methoxy-5-nitro- —323 


group was attached. Substituents on the other benzene 
ring usually did not alter it appreciably. Substituents 
on the ring containing the hydroxy group may through 
resonance with the coplanar carbonyl group and _ the 
hydroxy group determine to some extent the hydrogen 
bond strength in the chelate. Substituents on the non- 
planar ring cannot make appreciable resonance contri- 
butions to hydrogen bonding, and only inductive effects 
appear operative. 

The strength of the hydrogen bonding in the chelate 
may be increased or decreased by making proper substi- 
tutions on the benzene ring to which the hy droxy group 
is attached. In Table 3 are given chemical shift data for 
several 2- -hydroxybenzophenone derivatives which il- 
lustrate this point. In going from 2-hydroxybenzophe- 
none to 2-hydroxy-4-methoxybenzophenone the strength 
of the hydrogen’ bond increased. A similar effect was 
observed when the methoxy group was replaced by 
other alkoxy groups, such as dodecyloxy group. In Q- 
hydroxy- -5-methoxybenzophenone the bonding was 
weaker. 

Through resonance, the methoxy group in the 4-posi- 
tion may increase the electronic density within the car- 
bonyl group which is para to it, but not in the hydroxy 
group. In the 5-position, the methoxy group is now 
para to the hydroxy group and meta to the carbonyl 
group. Its resonance contributions in this position would 
be such as to increase the electronic density within the 
hydroxy group. 

An electronegative group, such as a nitro group, in 
the 5-position decreases the electronic density within 
the hydroxy group both through resonance and induc- 
tion. The hydrogen bond strength in 2-hydroxy-5-ni- 
trobenzophenone is greater than that in 2-hydroxyben- 
zophenone. Note the combined effects of the methoxy 
and nitro groups in the 4- and 5-positions, respectively, 
in increasing the bond strength. 

The data of Table 3 indicate that, as the electronic 
density within the carbonyl group is increased and as 
the electronic density within the hydroxy group is de- 
creased, the strength of the hydrogen bond in the 
chelate structure becomes greater. 

When more than one hydroxy group is ortho to the 
carbonyl group, the resultant hydrogen bond strength 
is less than that found for 2-hydroxybenzophenone 
(Table 4). For 2,2’-dihydroxybenzophenone, the hy- 
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droxy chemical shift peak comes at —220 cps, a position 
some 50 cps more positive than chet 1 for 2- -hydroxyben- 
zophenone. Since the carbonyl oxygen atom in the 
double chelate must be shared between the two hydroxy 
protons, the hydrogen bond strength here might be ex- 
pected to be less than ~~ associated with a single 
chelate structure as in 2-hydroxybenzophenone. 

For the structure 2,2’-dihydroxy-4- 
methoxybenzophenone, two hydroxy peaks were ob- 
served. These corresponded to ‘distinct hydrogen bonds. 
The peak at —268 cps, which represented the stronger 
hydrogen bond, would from the data of Table 3 be ex- 
pected to be associated with the chelate structure to 
which the methoxy group can make a contribution, that 
is, the chelate structure involving the hydroxy group at- 
tached to the same ring as the methoxy group. The peak 
at —207 cps is associated with the other chelate struc- 
ture. 

In 2,6-dihydroxybenzophenone ‘the strength of the 
hydrogen bond was the weakest observed for the 2- 
hydroxybenzophenone derivatives. The distances be- 
tween the hydroxy protons and the carbonyl oxygen 
atom are relatively great compared with those for the 
other structures. If it is to be shared equally with the 
two hydroxy groups, the carbonyl group must be in an 
average position approximately at right angles to the 
disubstituted phenyl group. 


Table 4. Hydrogen Bond Strength in Double 
Chelate Structures 


OH Chem. 


Structure Shift, Cps 
_-HO 
—270 
OH, 
| —220 
7 —207 
—160 
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Figure 4. EPR spectrum of x-ir- 50 


radiated polyethylene 


Radical Suppression in Polyethylene by 
2-Hydroxybenzophenones 

When polyethylene is x-irradiated in air, a fairly in- 
tense electron paramagnetic resonance free radical signal 
is observed, as shown in Figure 4. We were unable to 
detect free radicals by this means when the polymer 
was irradiated with ultraviolet light. The curve shown 
in Figure 4 is the derivative of the absorption signal. A 
Varian V-4500 electron paramagnetic resonance spec- 
trometer was used for this and other EPR recordings. 
Electron resonance conditions were 9500 mc and 3400 
gauss. 

The presence of seven peaks in this spectrum suggests 
that the unpaired electron is interacting equally with 
six protons. The tertiary radical indicated is a_ likely 
structure. 

The concentration of radicals produced by x-irradia- 
tion of polyethylene may be markedly reduced by in- 
corporating antioxidants into the polymer. In Table 5 
are given the relative free radical concentrations found 
in polyethylene containing three known antioxidants as 
well as several 2-hydroxvbenzophenones. These samples 
were x-irradiated for 1 hour. The dosage was sufficient 
to produce about 10" radicals per gram in the unstabil- 
ized polymer. Also included in this table are weathering 
stress life values for the different samples. 

The antioxidants—the first three additives—were very 
effective in suppressing radical formation, but they were 
not particularly effective as weathering stabilizers. The 
2-hydroxybenzophenones listed also reduced the radical 
concentration. Some of them approached the activity of 
the antioxidants as radical suppressors. The intensity of 
the free radical signal in polyethylene which contained 
the 2-hydroxybenzophenones was inversely related to 
the weathering life of the sample. 

These data as well as additional data obtained for the 
2-hydroxybenzophenones in polyethylene give the rela- 
tion of Figure 5. Note in Figure 5 that all 2-hydroxy- 
benzophenones reduced the radical concentration found 
in the polymer, the extent of the reduction varying quite 
markedly in going from mediocre to good weathering 
stabilizers. It appears that no correlation between radi- 
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cal concentration and stress life values of two years or 
less exists. For stress life values greater than two years 
there is a pronounced reduction in free radical concen- 
tration. The most effective weathering stabilizers are 
able to suppress effectively the radical formation in 
polyethylene by x-rays. 

It seems that the 2-hydroxybenzophenones might be 
showing some antioxidant activity in the weathering 
stabilization of the polymer. The 2-hydroxybenzo- 
phenones do not screen the polymer from x-rays since 
they show at most only a slight absorption for them. 

Thermal stabilization tests were made at 110°C on 
polypropylene which contained various 2-hydroxyben- 


Table 5. Relation of Radical Concentration to 
Weatherability of Polyethylene Containing 


Additives 
Additive 
~ EPR Weathering 
Concn., Signal Stress 

Name % Intensity Life,, Yr. 
Control — 107 1.0 
Zinc dibutyldithiocarbamate 0.5 22 1.0 
2,2’-Methylenebis[ 6-(1 - 

methylcyclohexy!)-p-cresol ] 0.5 16 1.1 
N,N’-Diphenyl-p- 

phenylenediamine 0.5 14 1.6 
5-Chloro-2- 

hydroxybenzophenone 1 74 1.5 
2-Hydroxy-5- 

methoxybenzophenone 1 63 1.5 
2,2’-Dihydroxy-4,4’- 

dimethoxybenzophenone 1 40 ag 
4,4’-Bis(dodecyloxy)-2- 

hydroxybenzophenone ] 27 >4.0 
4-Dodecyloxy-2- 

hydroxybenzophenone 1 29 >5.0 


« Time for 5 of 10 stressed samples to crack. 
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Weathering Stress Life, Yr. 


Figure 5. Relation of radical concentration to weatherability 
of polyethylene containing 2-hydroxybenzophenones 


zophenone derivatives. The results of these tests are 
given in Table 6. Polypropylene was chosen because of 
its relative instability at this temperature. The EPR 
signal intensities resulting from the x-irradiation of 
polyethylene which contained each of the 2-hydroxy- 
benzophenones are also given. 


All of the 2-hydroxybenzophenones tested thermally 
stabilized polypropylene at 110°C. 4,4’-Bis(dodecy- 
loxy)-2-hydroxybenzophenone gave a thermal stability 
in excess of 4100 hours. None of these 2-hydroxybenzo- 
phenone derivatives were effective at 160°C. 

The data of Table 6 also show a correlation between 
the radical concentration values and thermal stabiliza- 
tion values; that is, the lower the radical concentration, 
the more effective the compound is as a thermal stabil- 
izer. These data show that the 2-hydroxybenzophenone 
derivatives are functioning as antioxidants. They prob- 
ably act in much the same way as the more conventional 
phenolic-type antioxidants. 


Table 6. Thermal Stabilization of Polypropylene 
by 2-Hydroxybenzophenones 


EPR Signal 


Additive Time to Stress 
(1% concn.) Crack at 110°C., Hr. Intensity* 
Control 15 107 
2,2’-Dihydroxybenzophenone 22 76 
2-Hydroxy-4,4’- 

dimethoxybenzephenone 22 82 
2-Hydroxy-5- 

methoxybenzophenone 120 63 
4-Dodecycloxy-2- 

hydroxybenzophenone 387 29 
4,4’-Bis(dodecyloxy)-2- 

hydroxybenzophenone >4100 27 


® After 1 hr. x-irradiation of additive in polyethylene at 1% concn. 
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Conclusions 


The NMR chemical shift data, along with the EPR 
free radical suppression data, should provide a good 
means for the preliminary evaluation of a 2-hydroxy- 
benzophenone weathering stabilizer. The first measure- 
ment assesses the ability of the prospective stabilizer to 
dispose safely of the incoming ultraviolet energy. The 
second assesses its effectiveness in stopping the second- 
ary, thermal reactions started by those few, ultraviolet 
quanta which escaped absorption and inactivation by 
the stabilizer. 4 

The NMR data revealed that highly electronegative 
and electropositive groups in the proper positions on the 
coplanar benzene ring in the 2-hydroxybenzophenones 
should be effective in increasing the chelate hydrogen 
bond strength and, hence, ultraviolet stabilization. 3- 
Benzoyl-2,4-dihydroxybenzophenone, with a chemical 
shift value of around —350 cps, showed the strongest 
hydrogen bonding and is the best ultraviolet stabilizer 
of this class for cellulose acetate butyrate found to date. 

The function of 2-hydroxybenzophenones as antioxi- 
dants may be a very important one in weathering sta- 
bilization. 2-Hydroxybenzophenones are not perfect 
ultraviolet screening agents and some ultraviolet quanta 
will be absorbed by the polymer. It might be expected 
that the extent of polymer degradation in the presence 
of a stabilizer would be related to the quanta actually 
taken up by the polymer. (Quanta absorbed by the 2- 
hydroxybenzophenones are probably converted into 
harmless packets of energy via the chelate hydrogen 
bond.) In the presence of a 2-hydroxybenzophenone, the 
free radical reactions normally involved in the degrada- 
tion of the polymer may be partially terminated by pro- 
ton transfer from the stabilizer. The 2-hydroxybenzo- 
phenones in finctioning as antioxidants may be able to 
compensate to a certain extent for their inability to 
completely screen the polymer from ultraviolet light. 
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A Method for 


Determination of Maximum 
Heat Resistance of Plastics 


T his article describes a method for measuring heat 
resistance of polymers based on measuring changes in 
modulus of elasticity. Novel specimen configurations are 
described. T he method is reported to give more accurate 
determination for the onset of thermal degradation 


r the plastics industry, at present, the unsatisfactory 
methods of Martens and Vick are used to determine the 
heat resistance of polymers. TRese methods are based 
on the measurement of artificial constants. Derived from 
contemporary concepts of close relationship between 
the properties and molecular structure of polymers, to 
correctly determine the heat resistance it is necessary to 
employ methods based on the measurement of elastic 
and plastic properties of materials through a wide range 
of temperatures, moduli of elasticity, specific heats, 
linear thermal expansions, ete. 

In the choice of the method of measurement, the 
complexity of the apparatus and the accuracy of meas- 
urements must be considered. It is worth mentioning. in 
this connection, the thermo-mechanal method devel- 
oped by V. A. Kargin and his co-workers (1, 3). 


The New Method 


S. N. Jurkov, I. S. Maygeldinov, A. I. Marey (10, 13) 
and others studied the heat resistance of polymers by 
measuring the changes in the moduli of elasticity of 
polymers caused by increase in temperature. The cal- 
culation of the modulus of elasticity in kg per cm* can 
be made using Hertz’s formula based on the depth of 
of penetration of the ball. 


P 
D 


where 
P — load on the ball-kg. 
D — depth of penetration in cm. 
d — diameter of the ball in cm. 


V. U. Tarasov studied structural changes in silicates 
and polymeric materials by measuring changes in spe- 


cific heats (14, 16). 
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Increase of temperature in polymers increases the 
mobility of molecular components and molecules them- 
selves. Heating beyond the point of thermoplasticity 
radically changes the modulus of elasticity of polymers. 
Therefore, the use of changes in the modulus of elastic- 
ity to determine heat resistance is more significant than 
the deformation of the material under linear compres- 
sion. Monomeric material exhibit a large drop in vis- 
cosity at temperatures above the melting point tem- 
perature (heat stability). 

The unique characteristic of this method lies in the 
use of three types of novel specimen configurations, 
small in size and simple in design: 

Specimen A—(Composite) measuring 15 x 10 x 3 
mm (Figure 2)—Only 2 grs. are required for its prep- 
aration. This specimen can be used for testing thermo- 
plastic and thermosetting plastics in a wide range of 
temperatures to measure deformation in pure shear. The 
material to be tested is molded between two outer and 
an inner corrugated plate. 

Specimen B—The working part measures 15 x 10 x 3 
mm—Used for thermoplastics and thermosets to meas- 
ure tensile deformation. 

Specimen C—Used for testing laminated and sheet 
materials measures 40 x 10 x 3 mm (Figure 4). 


Translated especially for SPE TRANSACTIONS from 
Russian “Plastics” Magazine No. 3, p. 58, March 1960 


by George Lubin 
Grumman Aircraft Engineering Corp. 
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Figure 1. Schematic diagram of the instrument for the meas- 
urergent of thermal stability of polymers: 
1. eccentric cam; 2. lever arm; 3. load; 4. heating system; 
5. rod; 6. test specimen; 7. indicator 
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Figure 2. Fixture for the determination of heat resistance of 
plastics by measurement of deformation under shear 
(Specimen A) 
1. loading rod; 2. sample holder; 3. outer plate; 4. material 
being tested; 5. holder to locate specimen in test unit; 6. 
center core 


Figure 3. Fixture for the determination of the temperature 
of transition of plastics 
(Specimen B, offset) 
1. loading rod; 2. wing nut; 3. specimen holder plate; 4. 
test specimen; 5. holder to locate specimen in test unit 
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All specimens are simply clamped in the jigs. They 
all exclude the possibility of obtaining distorted test 
results due to slippage. This is important for the meas- 
urements of heat stability by the use of the modulus of 
elasticity in shear and tension. Specimens A and B are 

made by compression molding or casting on simple lab- 
oratory equipment. 

Residual stresses remaining in the material due to 
non-optimum cure cycles for Specimen A do not mate- 
rially change the magnitude of measurements. 

Before starting the test it is necessary to preload the 
specimen, remove the load and set the indicator to zero. 

The technique for testing thermoplastics is analogous 
to that used in the thermo-mechanical method namely, 
raising of the temperature uniformly at the rate of 50 to 
60°C per hour. Periodically, every 5 to 10° the load on 
the specimen is increased by from 0.1 to 0.3 kg/cm?* 
depending on the rigidity of the material. 

The interval of application of the load is 10 seconds. 
The deformation of the specimen is measured under 
load and under no load to 0.01 mm by the use of an 
indicator gage. In the range of temperatures slightly 
above the melting point temperature resilient and elastic 
deformations occur primarily under short time loading. 
The increase in deformation with increase in tem- 
perature indicates plastic flow in the material (vis- 
cous state). Under long time load condition at tempera- 
tures lower than the thermal stability temperature, be- 
side the resilient deformation, there appears elastic 
deformation, and above the temperature of thermal 
stability there is in addition irreversible flow; therefore, 
on the thermo-mechanical curve the transition tempera- 
ture of the polymer from elastic to plastic flow is less 
distinct. 

During the tests of thermosetting materials, Speci- 
mens A and B, a constant load of 10 kg/cm* is imposed 
because of long periods of relaxation for these materials. 
What is measured is the change of total deformation for 
the specimen during the test with the temperature being 
raised at the rate of 50-60°C per hour. The rate of tem- 
perature rise is regulated by a program controller and 
thermal capacity of the heating unit. 

The graphs of test results with deformation plotted 
against temperature, enable one (by the radical change 
in slope) to determine the heat resistance, range of 
temperatures of structural changes in the material and 
the temperature indicating the beginning of degradation 
of thermosetting plastic materials. 

For thermoplastics, in addition, the change occurring 
in elastic deformation after 2-3 seconds after the re- 
moval of the load can be measured. Tests on thermo- 
plastics can also be performed on a round specimen 20 
mm in diameter and 3 mm thick (Figure 5). Linear 
compression is used in this case under loads of .25 to 4 
kg/cm’. This ‘type of test is less characteristic of mate- 
rivls than the deformation under pure shear. In addi- 
tion the test results often include the results of defor- 
mation from residual internal stresses. 

In tests performed on specimen A (Figure 2) the 
applied force or stress, is shown as follows: 


P 


2S 
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where P is the applied tangential load on the center core 
of the specimen in kg. 
S is working area of the molded plastic mate- 


rial. 
Shear deformation «¢ (relative strain) is shown as: 
AX 
€ 
d 


where AX is total motion of the core with respect to 
side plates. 
d is width of space between inner and outer 
plates (at high points of the raised nibs.) 
Elastic Modulus (Shear modulus) in kg/cm’ can be de- 
termined from the formula: 


F Pd 


€ 2SAX 


Elastic Deformation of Various Resins 


Thermo-mechanical graphs obtained on Specimen A 
samples for some thermoplastic materials under a load 
of 0.25 kg/cm* are shown on Figure 6. The results of 
other tests on thermosetting materials obtained on the 
same specimen A, are shown in Figure 7. The effects 
of heat on deformation as can be seen in Figures 6-11, 
allow the tracing of the growth of resilient and elastic 
deformation and _ plastic of the material. At sharp 
changes in curvature can be determined the transition 
of thermoplastics into viscous state. 

The temperature of thermal stability or heat resis- 
tance of thermosetting materials is determined at the 
point of sharp rise in the curves 7-9. Further upward 
slope of the curves and the transition into parallelism 
with the abscissa shows the growths of the plastic flow. 
Second change in the slope corresponds with the tem- 
perature of the beginning of thermal degradation of the 
polymer chains. Epoxy resins (Figure 7) show a high 
level of elastic deformation which indicates a loose 
structural lattice of molecular chains. Compositions of 
furfuraldehyde-based resins (curve 3, figure 7) are 
characterized by only a single bend in the curve in the 


SS 


MAN gs 


Figure 4. Fixture for the measurement of heat resistance of 
sheet and laminated materials (left) 
(Specimen C for laminated plastics) 
1. loading rod; 2. upper holder; 3. specimen holder; 4. test 
specimen; 5. lower clamping plate 


Figure 5. Fixture for the measurement of temperature of 
transition by the measurement of deformation between layers 
(Specimen-a flat disk) 


1. loading rod; 2. test specimen; 3. specimen holder 


SPE TRANSACTIONS, APRIL, 1961 


100 
25 
Nel 
| 
50 + 
5 
25 


50 100 150 200 250 


Figure 6. Relationships between deformation of thermoplastics 
and temperature under constant load 
(Specimen A) 
1. Teflon; 2. Moplen ( ); 3. Vinyl chloride; 4. Poly- 
propylene (experimental); 5. Hostalen ( ); Measurements 
made under load of .25 kg/cm’, and for Teflon 1 kg/cm? 


range of thermal degradation at about 340°F. The ab- 
sence of elastic deformation on this curve can be ex- 
plained by a tight molecular lattice. Other materials 
{Figures 7-9) are characterized by values of elastic de- 
formation failing between the limits mentioned above. 
Particularly noteworthy is the decrease in deformation 
of silicone base resin (Figure 7) at temperatures of 
over 100°C. This can be tentatively explained by struc- 
tural changes in the plastic leading to the densification 
of this material. The changes in the curvatures of the 
polymer represented by the solid line 3 in Figure 8 in 
the region of 350°C also show structural changes in the 
material. 

Characteristically, it was determined that the post 
cure of material CFFC (Phenolformaldehyde) at about 
300°C curve 1 on Figure 8 also raises impact strength 
from 4-6 kg. cm/cm* proving the theory of densification 
of polymer structure at 300°C. 
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Figure 7. Relationship between deformation of thermosetting 
plastics and temperature under a constant load of 10 kg/cm* 
(Specimen B) 
1. epoxides; 2. polyester type K-15-6 (ref. 2); 3. furfural- 
acetone resin with asbestos filler; 4. silicone resin type 
KMK-9 
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A series of curves of Figures 7 and 9, obtained from 
results of tests on Specimen B show the effects of heat 
on the behavior of various materials. Of particular in- 
terest are the various magnitudes of the elastic deforma- 
tion. Some of the curves are generally horizontal and the 
curve begins to rise only in the regions of higher tem- 
peratures. The absence of deformation can be accounted 
by, apparently, the formation of a dense structural lat- 
tice, and its rapid increase by the thermal decomposition 
of the polymer. 


Laminated Materials 

The method of determining the heat resistance of 
laminated materials by loss of rigidity, Specimen C, 
(Figure 4) has the advantage of minimizing the effect 
of the reinforcement on the index of thermal stability. 

Results of tests on disk-shaped samples of polycar- 
bonate, using the unidirectional compression method 
are shown on Figure 11. Here it shows that a lower mo- 
lecular weight resin is characterized by a curve dis- 
placed in the direction of lower temperatures. Optimum 
condition for tests: Where a maximum deformation re- 
sults from a minimum load. 


Discussion of Results 

The results obtained from the tests show that the 
proposed method can be used to seg: the prog- 
ress of elastic deformation and plastic flow of various 
polymers. This guarantees a more accurate determina- 
tion of criteria for heat resistance and the temperatures 
of transition into viscous flow of thermoplastics, and for 
built up polymers, (thermosets) the beginning of ther- 
mal degradation. 

The basic aim of this method is to assist in the de- 
velopment of technological processes to obtain polymers 
of better quality and to better insure their evaluation. 
Methods of Martens, Vick and the determination of heat 
distortion by bending a specimen supported on two 
knife edges, do not satisfy the above requirements 
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Figure 8. Relationship between deformation of thermosetting 
plastics and temperature under a constant load of 10 kg/cm* 
(Specimen A) 
1. CFFC (Phenol formaldehyde); 2. FKPN-15T (Phenol-Cresol 
formaldehyde); 3. NFFC (unidentified) 
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since they depend on the measurement of relative arti- 
ficial constants. 

When testing a specimen supported on two knife 
edges it is expected to obtain a defection of small mag- 
nitude which occurs in the region of elastic deformation. 
Further increasing the deflection will invariably make 
the specimen slide on the knife edges thus distorting the 
readings. At small deflections the range of transition into 
upper elastic limit state is not reached. 

The various types of polymers possess a great range 
of values for plastic and elastic flow. Besides, in the 
cases of molecular structure changes caused by heat, 
the deformation of the material is decreased despite the 
fact that it remains under constant load. Therefore, test 
methods are required covering all types of deformation: 
Resilient, plastic and elastic. The magnitude of elastic 
deformation is tied in with the length of polymer chains 
and lattice density. (i.e. phenolic plastics). Sharp 
changes in the slope of temperature deformation curves 
attest the existence of structural changes or the begin- 
ning of thermal degradation of the space lattice. 

Such information is important to correctly assess the 
properties of polymers and to select the ranges of their 
application. Similar data cannot be obtained from tech- 
niques based on the measurements of heat distortion 
for a predetermined deflection (i.e. deflection of 6mm 
for the Martens’ method, Imm for Vick’s and 0.3mm for 
ASTM). Inasmuch as the same magnitude of deforma- 
tion for different materials may be related to different 
phases of deformation (resilient, elastic and_ plastic), 
the criterion of heat resistance obtained by these meas- 
urements will not indicate the true changes in the 
materials under the action of heat. Products made from 
materials characterized by curves 1, 2 and 3 on Figure 
7 will have dissimilar properties at higher temperatures. 

It appears practical to use the above method for heat 
resistance measurements in laboratory work of apprais- 
ing production of plastics, development of better mate- 
rials, etc. For further improvement of this technique the 


% 


10. 


% 100 200 500 400 500 


Figure 9. Relationship between deformation of thermosetting 
plastics and temperature under a constant load of 10 kg/cm’ 
(Specimen B) 
1. polyester type K-18-2; 2. epoxy-furfural plastic; 3. phenol 
furfural plastic; 4. furfural acetate plastic with graphite; 
5. furfural acetone plastic 
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Figure 10. Relationship between deformation of laminated 
sheet materials and temperature under a constant load of 
10 kg/cm? 

(Specimen C) 

1. fiberglas mat-polyester resin; 2. fiberglas-polystyrene 
resin; 3. melamine formaldehyde, laminated; 4. fiberglas 
fabric-polyester resin 


use of automatic recording devices for plotting deflec- 
tion-temperature curves is indicated. 


Conclusions 

1. Proposed are 3 types of original specimen con- 
figurations of small size which insure accurate measure- 
ment of deformation in shear and elongation at different 
temperatures and consequently accurate determination 
of the modulus of elasticity. The use of these specimens 
eliminates the distortion of results from slippage of 
specimens in specimen holder. 

2. Method allows the investigation of changes in 
thermosetting materials, connected with — structural 
changes in the polymer structure leading to variations 
in density and shrinkage. 

3. During measurements of heat resistance of lami- 
nated materials (including reinforced fiberglas) the ef- 
fect of reinforcement is minimized, important in devel- 
opment of better heat resisting resins. 
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temperature under unilateral pressure 
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1. resin with molecular weight of 63,000; 2. resin with 
molecular weight of 10,000 
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2 ee is little information in the literature concerning 
the dielectric properties of plasticized melamine 
resins. Therefore, a study was made of the variation of 
dielectric constant and loss as a function of frequency 
and temperature. Data are summarized below together 
with an indication of the major differences between these 
systems and thermoplastic systems. 


Experimental 


The materials investigated are listed in Table 1. They 
were formed into circular disc 4” thick and 4” in diam- 


Dielectric properties of melamine resins may be affected by “dangling chains 
surrounded by unreactive sites in a three-dimensional network 
polymer chain. It is further theorized that the number of dangling chains may be a 
function only of polymerization conditions (time, temperature, pressure) 
rather than the total amount of resin 


Dielectric Properties of 
Plasticized Melamine Resins 


W. C. Schneider 


American Cyanamid Company, Stamford, Conn. 


eter by conventional compression molding techniques. 
Two-inch sample discs were cut from these larger discs 
and coated with “aqua-dag” to provide electrodes. 
The electrical properties were determined with a 
Schering bridge constructed in these Laboratories. A 
sample cell similar to that described by — (1) was 
employed. Temperature control was provided by cir- 
culating cooled or heated toluene through the double 
walled jacket of a thermostat surrounding the sample 
cell. A current of dry nitrogen was passed through the 
space about the cell to prevent condensation of water 


oa UNPLASTICIZED MEL AWINE~ 
FORWAL DEMYDE RESIN 


UNPLASTICIZED MELAMINE 
FORMALDEHYDE RESIN 


19% PERTAERYTHRITOL SEBACATE 
09% ZINC STEARATE 


LOG FREQUENCY 


Figure 1. Frequency Variation of Di- 
electric Constant for Unplasticized 
Melamine Formaldehyde Resin At 


Various Temperatures. Temperatures. 
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Figure 2. Frequency Variation of Di- 
electric Loss for Unplasticized Mela- 
mine Formaldehyde Resin At Various 


Figure 3. Frequency Variation of Di- 
electric Constant for the System Mela- 
mine Resin—15% Pentaerythritolse- 
bacate at Various Temperatures. 
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Table 1. Materials Studied 


Samples Composition* Cure 


| 100% Melamine—Formaldehyde Resin 
F/M = 2.0) 
i 15% Pentaerythritolsebacate + 0.5% 
Zinc Stearate 
lll 35% Pentaerythritolsebacate + 1.0% 
Zinc Stearate 
IV" 25% Polyvinylbutyral + 10% Ben- 
zamide + 1.0% Zinc Stearate 
V° 10% Polyesteramide + 1% Zinc 
Stearate 
Vi" = 10% Nylon FM-101 + 5% Mono O- 
Cresylglycerylether + 1.0% Zinc 
Stearate 
Vil’ 20% Nylon FM-101 + 10% O-Cre- 
sylglycerylether + 1.0% Zinc 
Stearate 


10’ at 155°C 
10’ at 155°C 
10’ at 155°C 
10’ at 155°C 


15’ at 155°C 


20’ at 155°C 


“In those cases not totaling 100% the difference is melamine- 
formaldehyde resin. 

>ULS.: 2, 546,841 

ULS.: 2, 801,226 

4U.S.: 2,739,081 


vapor on the cell leads at low temperatures. Measure- 
ments were made over the frequency range 20 to 10° 
cps., and at the nominal temperatures —40°, —20°, 0°, 
and +25°C. 


Melamines vs Thermoplastics—Marked Contrast 

The plasticizers listed in Table 1 represent a range of 
types: Pentaerythritolsebacate, a relatively low-molec- 
ular weight, compound; polyvinylbutyral, a high-molec- 
ular weight, polymer; and an experimental polyester- 
amide, and a polyamide, Nylon FM-101 both being 


polycondensation polymers. All of these materials con- 


tained polar groups to provide some degree of compat- 
ability with the melamine-formaldehyde resin. 

Dielectric constant (¢’) data are summarized in Figures 
1, 3, 5, 7, 9, 11, and 13 and corresponding dielectric loss 
(e”) data in Figures 2, 4, 6, 8, 10, 12, and 14. The gross 
features of these curves are similar. There is a high fre- 
quency e” maximum occurring between 1 and 10 mcs. 
The frequency at this maximum seems to be relatively 
independent of temperature and of -both the amount and 
type of — This is in marked contrast to the be- 
havior observed in most thermoplastic systems, wherein 
the loss-factor maximum is strongly dependent on tem- 
perature and plasticizer content. 

In addition to the primary loss peak, all the loss curves 
are skewed toward low frequencies. Indeed, some display 
an ——- secondary maximum. Similar secondary 
maxima have been observed with thermoplastics and are 
thought to reflect interactions between polar groups, pen- 
dant to the main chain. 

The observations noted above are qualitative in nature. 
However, over the years a more quantitative approach 
has developed. Initially, Debye (2) postulated that the 
dispersion in dielectric properties (rapid decrease of 
«’ and associated peak in «”) was a relaxation process, 
wherein dipoles could not stay in phase with an applied, 
alternating, electric field. A characteristic relaxation time 
time could be associated with this process. Experiments 
soon showed that many real systems (associated liquids, 
polymers, etc.) could not be described by a single re- 
laxation time, but required a distribution of relaxation 
times. Several semi-empirical distribution functions have 
been derived (3, 4, 5). That proposed by Cole and Cole 
(4) has been employed to analyze the data presented 
here. 

Briefly, Cole and Cole found that a plot of e” versus «’ 
would yield a semi-circle for systems described by a 
single relaxation time, but only a circular are for -those 
requiring a distribution of relaxation times. A parameter 
characterizing the distribution could be calculated from 


19% PENTAERYTHRITOL, SEBACATE 
0.9% ZINC STEARATE 


PENTAERYT» NTOLSEBACATE ane = 
1% INC STEARATE 


Figure 4. Frequency Variation of Di- 
electric Loss for the System Melamine 
Resin—15%  Penaerythritolsebacate 
at Various Temperatures. 
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Figure 5. Frequency of Dielectric Con- 
stant for the System Melamine Resin 
—35% Pentaerythritolsebacate at 
Various Temperatures. 


Figure 6. Frequency Variation of Di- 
electric Loss for the System Melamine 
Resin—35% Pentaerythritolsebacate 
at Various Temperatures. 
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Table 2. Critical Frequencies and Cole and Cole Distribution Parameter 


High Frequency (v. in megacycles) 


Low Frequency (vy. in kilocycles) 


0.32 0.12 0.58 


Sample —40°C —20°C o°c 25°C —40°C —20°C o°c 25°C 

ve 5 3.5 2.5 8.0 
B 0.55 0.40 0.34 0.38 

Wl ve 3.2 1.8 3.5 1.8 5 28.2 
i 0.39 0.32 0.19 0.32 0.68 0.56 0.42 _ 

IV ve 12 12 wits ~10 0.4 3.5 70.5 159 
6 0 0.23 0.41 0.28 0.64 0.62 0.70 0.50 

V ve 3.2 2.5 2.7 2.2 sone 0.2 5.6 50 
B 0.36 0.19 0.35 0.26 _— sit 0.35 0.26 

VI ve 5.0 4.0 5.0 0.1 11 
B hime 0.26 0.28 0.12 0.54 
VII ve 2.0 1.6 1.6 1.6 0.22 20 
0.46 latins 0.71 0.31 


® Critical frequency calculated from Cole and Cole plot. 
» Cole and Cole distribution parameter. 


the angle of depression of the diameter of the semi-circle 
below the e” axis required to fit any given experimental 
system. The Cole and Cole distribution function was 
selected because it (1) yields a parameter characterizing 
the distribution of relaxation times, (2) allows a separa- 
tion of dispersion regions when more than one is present, 
(3) provides values of the limiting dielectric constants for 
each dispersion region, and (4) enables a more precise 
determination of critical frequency (frequency of maxi- 
mum e”) than is afforded by simple inspection of dielec- 
tric loss curves. A typical example. (from the present 
work) of a Cole and Cole plot is given in Figure 15. 

Table 2 lists critical frequencies and distribution 
5 parameters determined from Cole and Cole plots. Again, 
a the apparent insensitivity of the high-frequency losses 
Ze to temperature is noted. One possible cause of this be- 
havior is that the units giving rise to this loss are “dangl- 
ing chains”, surrounded by unreactive sites in a three- 
dimensional network. Since the structure is quite rigid, 
due to cross-linking, the local environment of these 
“dangling chains” is altered only slightly by temperature. 
It is believed that this loss is associated with the mela- 
mine-formaldehyde resin in the system, since this is the 
only loss peak observed in the non-plasticized sample. It 
is not clear why the height of this loss peak is essentially 
independent of the amount of melamine-formaldehyde 
resin present. This independence suggests that the num- 
ber of “dangling chains” may be a function only of poly- 
merization conditions (time, temperature, pressure, etc. ) 
rather than total amount of resin. 

In contrast to the high-frequency losses, the secondary 
losses observed at lower frequencies exhibit the same 
general behavior as found with thermoplastic systems. 
This is not too surprising since it is believed that the 
secondary losses result almost entirely from the plastici- 
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zers. There is some evidence in the literature to support 
this view. Sample IV, Figure 9, (plasticized with poly- 
vinylbutyral) possesses a loss maximum at 158 ke at 
28°C. Funt (6) has measured the electrical properties of 
polyvinylbutyral over a range of frequencies and temper- 
atures. Although he was primarily concerned with the 
high-temperature, primary losses, his data strongly sug- 
gest that the losses at 30°C are approaching a maximum 
near 100 ke. Also, samples VI and VIII, Figures 12 and 
14 (plasticized with nylon) exhibit loss maxima in the 


795 POLYVINYL BUTYRAL 
ne 10% BENZAMOE 
STEARATE 
Figure 7. Frequency 
Variation of Dielectric 
Constant for the 
System Melamine 


Resin—25 % Poly- 
vinylbutyral—10 % 
Benzamide at Various ¢’ 
Temperatures. 


region 10 to 20 ke at 25°C. Recently, Ishida (7) has re- 
ported a similar maximum in nylon 6, occurring at 40 
ke at 25°C. 

The low-frequency loss maxima shift toward lower 
frequency with decreasing temperature and become 
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Figure 8. Frequency Variation of Di- 
electric Loss for the System Melamine 
Resin—25% Polyvinylbutyral—10%° 
Benzamide at Various Temperatures. 


somewhat broader and flatter. The Cole and Cole param- 
eter 8 listed in Table 2 gives a more quantitative indi- 
cation of the wider distribution of relaxation times at low 
temperatures. This frequency shift with temperature 
provides a means for obtaining a qualitative measure of 
the size of the relaxing units and the energies involved in 
the relaxation process. Following Eyring (8), free energy, 
AF®, enthalpy, AH®, and entropy, AS*, of activation may 
be determined from the critical frequencies, f., by using 
the expressions: 


AF* = 4.6 T log [ 5.34 10° | 


Figure 9. Frequency Variation of Di- 
electric Constant 
Melamine Resin—10%  Polyester- 
amide at Various Temperatures. 
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Figure 10. Frequency Variation of Di- 
electric Loss for the System Melamine 
Resin—10% Polyesteramide at Var- 
ious Temperatures. 


10° AH* 
334 

The enthalpy of activation is most easily determined 
graphically. Typical plots are given Figure 16. Values 
found are as follows, listed in the sequence, sample: AH* 
(keal./mol.): III: 8.5, IV: 13.4, V: 22.2, VI: 25.5, VII: 
38.3. Values of AF* determined by the relation given 
above and values of AS* obtained by subtraction are 
recorded in Table 3. All of these data suggest a progres- 
sive increase in restriction of dipole rotatioa, larger en- 
tropies and enthalpies of activation, as the plasticizer 
changes from a low molecular weight plasticizer to a 


® AF in kcal/mol 
AS in keal/mol/°K 


log (fe/T) = 
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Figure 11. Frequency Variation of Di- 
electric Constant for the System 
Melamine Resin—10% Nylon FM- 
101-5% O-Cresylglycerylether at Va- 
rious Temperatures. 


Figure 12. Frequency Variation of Di- 
electric Loss for the System Melamine 
Resin—10% Nylon FM-101-5% 
O-Cresylglycerylether at Various Tem- 
peratures. 
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Figure 13. Frequency Variation of Di- 
electric Constant for the System 
Melamine Resin—20% Nylon FM- 
101-10 % O-Cresylglycerylether at Va- 
rious Temperatures. 
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Table 3. AS and AF Values. Data Suggest a Progressive Increase in 
Restriction of Dipole Rotation, Larger Entropies, with Plasticizer Changes 


Temperature °C 


—40 —20 0 25 
AS# AS# AFH AS# AFH AS# 
9.25 (—3.2) 9.60 (—4.4) 9.50 (—3.6) _ aap 
9.95 14.4 9.75 14.4 9.06 15.6 9.42 13.2 
_ — 11.3 43.0 10.5 42.5 9.95 41.5 
12.8 45.5 10.9 49.0 
12.4 93.0 10.3 94.0 


a AF# in kcal/mol 
AS# in kcal/mol/°K 


higher molecular weight polymer. This could reflect in- 
creasing interaction between plasticizer and thermo- 
setting resin. It is of interest to note that ranking, accord- 
ing to efficiency of plasticization, as defined by reduc- 
tion of shrinkage and internal stress, yields essentially 
the same sequence as Table 3. 

However, the degree of interaction between plasticizer 
and resin at the molecular level appears to be only slight. 
The high frequency loss peak is essentially unaffected by 
plasticization. Also, the dielectric behavior of the plasti- 
cizing compounds (at least from — 40° to + 25°C) 
seems to be little influenced by the resin. The data are 
not inconsistent with the hypothesis that the compounds 
discussed here, containing enough polar groups similar to 
those of the resin to allow sufficient compatability, can af- 
fect the macro-mechanical properties to provide some 
degree of toughness. Unpublished work of the author has 
disclosed that the dynamic mechanical Young’s modulus 
of these systems is lowered, and that Samples VI and 
VII exhibit a maximum in the mechanical loss factor at 
approximately the same frequency as the maximum in 
e” reported here. 
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Figure 14. Frequency Variation of Di- 
electric Loss for the System Melamine 
Resin—20% Nylon FM-101-10% 
O-Cresylglycerylether at Various Tem- 
peratures. 
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Figure 15. A Typical Cole and Cole 
Plot Using Data Obtained with the 
System Melamine Resin—25% Poly- 
vinylbutyral—10% Benzamide. 
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Figure 16. Plots of the Logarithm of 
the Critical Frequency as a Function 
of the Reciprocal of the Absolute 
Temperature. 
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Cryogenic Adhesive Properties of 
Bisphenol-A Epoxy Resins 


M. J. Hiza and P. L. Barrick* 


Cryogenic Engineering Laboratory 
National Bureau of Standards 


T his article describes studies designed to extend the 
performance characteristics of adhesive systems of a selected resin 
type to temperatures below 100°K and, specifically, to provide in 

part a basis for the formulation of a structural adhesive 


ve present study includes a comparison of the ad- 
hesive properties of bisphenol-A epoxides at 300°K 
and 76°K with respect to the molecular weight of the 
uncured resins. Joints of 2024 aluminum were tested at 
300°K and 76°K in tensile-shear and in impact-shear, 
and total linear thermal contraction of the cured resins 
was measured between the two temperatures. Results 
are discussed with respect to residual joint stresses and 
adsorptive properties of the resins. In the past, work 
with adhesives in the extremely low temperature region 
has been restricted to testing of commercial adhesives 
which were not specifically formulated for low tem- 
perature applications (1, 2, 3, 4). | 

A basic study to achieve the optimum cryogenic ad- 
hesive might well include: 1. the selection of a promising 
resin type; 2. the determination of effect of chemical 
structure of this type on adhesive properties at the low 
temperatures in comparison with ambient temperature 
properties; 3. optimization of low temperature proper- 
ties by chemical means; 4. optimization of low tempera- 
ture properties by physical means; and 5. an extension of 
such a program to other promising resin types, and 


finally to resin mixtures. It is recognized that all of these - 


considerations are not independent nor necessarily ap- 
plicable in all cases, and that other variables might be 
significant. Since it is not practical to investigate all 
combinations of factors, the present study has been 
limited to parts 1 and 2 with some consideration of 
part 3. 

The epoxy resins selected as the subject of this in- 
vestigation produce bonds of varying strength depend- 
ent on the chain length of the resin and the crosslinking 
agent used in curing. N. A. de Bruyne (5) has shown 
this dependence of strength on chemical structure of 
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with optimum cryogenic properties 


the resin with aluminum lap joints at normal tempera- 
tures using phthalic anhydride as a curing agent. Such 
a relation may also exist at cryogenic temperatures pro- 
vided thermal stresses developed in cooling do not act 
to reduce the native strength of the stronger bonds. 

It was decided that experiments with unmodified 
epoxy resins of the same chemical derivation to deter- 
mine the effect of molecular weight variation of the un- 
cured resins would provide the best criteria for further 
development of the desired systems. These experiments 
consist of (a) the quantitative determination of epoxide 
equivalents, (b) measurements of total linear thermal 
contraction of the bulk cured resins from 300°K (27°C) 
to 76°K, and (c) the determination of tensile-shear 
strengths of aluminum lap joints at 300°K and at 76°K, 
and (d) the impact-shear strengths of aluminum block 
joints at 300°K and at 76°K as a function of molecular 
weight of the uncured resins. The molecular weight is 
calculated from item (a). 


MATERIALS AND METHODS 


Resins and Curing Agent 


Epoxy resins, derived from the polycondensation of 
epichlorohydrin and bisphenol-A, have the following 
general formula: (next page) 
where “n” varies between 0 and 10 for the commercial 
resins (6). The epoxide equivalent, representing the 
grams of resin containing one gram equivalent of epox- 
ide, was determined experimentally for each resin tested 
by reaction of the epoxide groups with known amounts 
of HCl and titrating with a base to determine the quan- 
tity of unreacted Cl (7). The average molecular weight 
of the resin fraction is twice the epoxide equivalent. 
These and calculated values of “n” are shown in Table 1. 
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Meta-phenylenediamine (MPD) was used in this in- 
vestigation, primarily to eliminate the need of determin- 
ing optimum amounts of curing agent for each of the 
resins. This aromatic compound can be assumed to have 
four reactive hydrogens, each capable of reacting with 
an epoxide group without the formation of by-products. 
The stoichiometry of the resin-curing system is 
readily calculated from the experimentally determined 
epoxide equivalents (8). It was assumed that when 
complete reaction occurs, one-fourth of a gram molecu- 
lar weight of meta-phenylenediamine reacts with one 
epoxide equivalent of the resin. These values are also 
listed in Table 1. 

In addition to low shrinkage typical of amine cures, 
adhesives hardened with MPD display much _ better 
shear strengths at elevated temperatures than those 
cured with aliphatic amines (9). Assuming that either 
adhesive system is susceptible to chemical damage at 
the higher temperature, a difference in strength reten- 
tion would be due partially to a difference in thermal 
expansivity of the two adhesive systems. Low cure 
shrinkage and low thermal expansivity are both desir- 
able for applications at cryogenic temperatures. 


Specimen Preparation 

Specimens for tensile-shear and impact-shear are 
shown in Figure 1. The lap shear specimens of 0.125 
inch thick 2024 aluminum were fabricated to provide a 
bond width and an overlap length of % inch with a 
bonding area of % square inch. Impact specimens of 
2024 aluminum were fabricated to conform to ASTM 


Table 1. Resin Descriptions and Curing Agent 


Proportions 
Melting Epoxide Molecular phr 
Resin Point °C Equivalent Weight n MPD* 
R-] liquid 192 384 0.15 14.1 
R-2 40-45 317 634 1.03 8.5 
R-3 65-75 519 1038 2.46 5.2 
R-4 95-105 904 1808 5.16 3.0 


* Parts of meta-phenylenediamine per hundred parts of resin, by 
weight 
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(D950-52T) (10). All surfaces were prepared for bond- 
ing by 1. mechanical cleaning to remove foreign particles 
and heavy oxide coatings, 2. solvent degreasing by im- 
mersion in carbon tetrachloride, and 3. chromic acid 
etching. Mechanical cleaning of the impact specimens 
was unnecessary since these pieces were machined to 


_size. The specimens were then given a final water rin 


and dabbed dry with tissue. 


Adhesive bonding was completed as soon after sur- . 


face preparation as possible using a hot melt technique. 
Specimens were cured one hour at 110°C with bonding 
pressure sufficient only to ensure good contact (maxi- 
mum ¥% psi). Adhesive thickness for all specimens 
varied from a minimum of 5 to a maximum of 20 mils. 
Thin adhesive layers were generally representative of 
the low molecular weight, and the thicker ones of the 
high molecular weight. Within these limits, . variations 
in the thickness of the adhesive layer would produce no 
noticeable variation in bond strength (3). 


Test Procedures 

The lap shear specimens were loaded in tension in a 
hydraulic tensile testing machine at load rates not ex- 
ceeding 150 pounds per minute. In addition to the axle 
type supports used for these specimens, a chain section 
of several links was added at each end of the test speci- 
men to minimize bending loads. The specimens tested 
at 76°K were immersed in a bath of liquid nitrogen 
during the test, and for a sufficient time prior to testing 
to ensure complete cooling. No precaution was taken to 
control the cooling rate of any of the specimens, includ- 
ing those tested in impact. 

Block shear specimens were subjected to impact loads 
in a standard plastics impact testing machine at a pen- 
dulum heat velocity of 17 feet per second. Due to the 
nature of this test, specimens to be broken at 76°K had 
to be retained in a liquid nitrogen bath remote from the 
test position and transferred to the machine supports 
for testing. As a result, the temperature of the joint at 
the time of failure was higher than 76°K. Measurements 
were made to determine the magnitude of this tempera- 
ture change from the time the specimen was removed 


Figure 1. Adhesive specimens for (top to bottom) impact- 
shear and tensile-shear tests and thermal contraction meas- 
urements 
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Figure 2. Temperature change of adhesive vs time after 
removal of an impact-shear specimen from liquid nitrogen 


from the bath up to 10 seconds after it was in the 
test position. The measuring thermocouple was posi- 
tioned in the leading edge of the adhesive layer since 
this would be the most critical temperature. The results 
shown in Figure 2 are the highest and lowest tempera- 
tures attained at the indicated times in five determina- 
tions. The average time to transfer the specimen to the 
support was 3.5 seconds; the test was completed in 5 
seconds or less, with a maximum temperature increase 
in the adhesive layer of 2°K. 

A bulk specimen of each resin system was cast in an 
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Figure 3. Tensile-shear strengths at 300°K vs molecular 
weight 
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aluminum foil mold using the same technique and cure 
schedule as for the bonded specimens. The ends and 
one side were finished flat with a final specimen length 
of approximately 10 cm. (Figure 1). The thermal con- 
traction was determined by measuring the specimen 
length with a horizontal cathetometer at room tempera- 
ture and submerged in liquid nitrogen. At least five 
length measurements were made at each temperature 
with a reproducibility of +0.01 mm. For an average 
total specimen contraction of 0.84 mm., the error in- 
volved is not more than 5 percent, neglecting a relatively 
small change in room temperature from 300°K. 


RESULTS 


Mechanical Strength 

The tensile-shear strengths obtained in these tests 
are shown in Figures 3 and 4. The point and the line at 
each point represent an average strength for five speci- 
mens at each test condition, unless otherwise noted in 
Table 2 (Tensile-Shear Strengths), and the spread in 
the data respectively. These values do not represent 
absolute shear stress but rather a combination of stresses 
due to the offset loading and the specimen deformation 
that occurs in a lap joint. However, this joint can be 
used to describe relative adhesive strengths of the dif- 
ferent resins investigated. No permanent deformation: of 
adherend was observed for any of the lap joints tested. 

To compare the tensile-shear values of this investiga- 
tion with those obtained by other experimenters, allow- 
ance must be made for the difference in adherend thick- 
ness and the effect of eccentric loading, assuming over- 
lap length and adherend material are the same. Other 
factors being equal, stronger joints will be produced 
with the thicker adherends than the thinner ones, de- 
pendent on the cohesive strength of the adhesive (11). 

A comparison is made in Figure 3 between the room 
temperature strengths of the resins tested and those of 
resins with the same chemical derivation reported by 
N. A. de Bruyne (5). The specimens in the latter case 
were lap joints made with 0.064 inch thick 24S (2024) 
aluminum, 1 inch wide, with % inch overlap. The two 
sets of experiments show a similar increase in: tensile- 
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Figure 4. Tensile-shear strengths at 76°K vs molecular 
weight 
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Table 2. Analysis of Signifiance of Temperature Effect at the 5% Level 


TENSILE-SHEAR STRENGTHS 


Resin R-1 R-3 R-4 
T K 300(1) 76(2) 300 76 300 76 300 76 
n (OBS) 4 4 5 5 5 5 5 5 
X (psi) 2829 3185 3074 3272 3187 3027 3501 2778 
sx 189 280 166 242 88 87 78 91 
s (x: — xe) 338 124 120 
t (calc.) 1.053 N.S. 0.676 N.S. 1.29 N.S. 6.03 S. 
ta 
— 2 
2, ese 2.447 2.306 2.306 2.306 
IMPACT-SHEAR STRENGTHS 
Resin R-1 R-2 R-3 
TK 300(1) 76(2) 300 76 300 76 
n (OBS) 4 4 5 5 3 3 
X (Ft-Ib) 14.08 3.07 12.09 1.75 9.39 3.49 
sx 0.61 0.41 0.81 0.74 1.15 1.70 
s (x: — x2) 0.74 1.05 2.06 
t (calc.) 14.88 S. 9:69 S. 2.86.95. 
ta 
2.447 2.306 2.776 


shear strength with molecular weight and indicate a 
strength superiority of the phthalic anhydride cured 
resins over those cured with meta-phenylenediamine. 
The difference in strength between the two cures 
would be more pronounced had identical adherend 
thicknesses been used. 

The 76°K tensile-shear strengths (Figure 4) do not 
vary in the same manner as the room temperature values. 
Apparently, the strength increases with an increase in 
molecular weight to approximately 700; thereafter, the 
strength decreases. The average 76°K strengths of joints 
made with the 384 and 634 molecular weight resins are 
higher than for the respective room temperature joints. 

The impact-shear strengths shown in Figure 5 are 
the energies required to cause failure in the joints. As 
in the tensile-shear strength plots, the point is the aver- 
age value of strength for the specimens tested and the 
line represents the spread in data. These values do not 
include the energy required to accelerate the top ad- 
herend piece out of the test support. Five — 
were prepared for each impact test condition; however, 
several specimens were rejected due to imperfections in 
geometry (Table 2, Impact-Shear Strength). Impact 
strengths for the highest molecular weight resin were 
not determined. 


For the resins tested, resistance to impact loading at 
room temperature decreases almost linearly with an in- 
crease in molecular weight. The impact values at 76°K 
are considerably lower than the room temperature 
values due to embrittlement of the polymer structure. 
Because of the large spread in values and the small 
number of specimens tested, the variation in impact 
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strength at 76°K with molecular weight is not indica- 
tive of any real trend. 


Modes of Failure 

A change in mode of failure occurred between the 
300°K and the 76°K tests, and the distribution of ad- 
hesive between adherend pieces in most cases was de- 
pendent on molecular weight. 

All tensile-shear failures at 300°K occurred at or very 
near the adhesive-adherend interface involving both 
adherend surfaces; the total amount of adhesive was 
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distributed between the two surfaces in a varying man- 
ner. The transition of failure between surfaces for speci- 
mens of the two lower molecular weight resins was 
random. However, the transition in specimens of the 
higher molecular weight material occurred near the 
center of overlap with nearly the entire amount of ad- 
hesive remaining on one adherend piece on either side 
of the transition. This latter effect was more pronounced 
in specimens of R-4 (M.W. = 1808) than in those of 
R-3 (M.W. = 1038). 

The tensile-shear failures at 76°K occurred in a plane 
at or near one adherend surface leaving the bulk of the 
adhesive on the other adherend piece: These failures 
varied with molecular weight in sucha manner that no 
visible adhesive film was left on one adherend surface 
for specimens of the lowest molecular weight resin 
whereas a thin adhesive layer, increasing in thickness 
with molecular weight, was left on one of the adherend 
surfaces for specimens of the three higher molecular 
weight resins. This thin adhesive layer was almost non- 
detectable in specimens of R-2 (M.W. = 634). This 
suggests that even specimens of R-1 (M.W. = 384) 
might have failed in the same manner as the higher 
molecular weight resins leaving an adhesive film which 
was not detectable by visual means. 

Typical failures of joints made with R-2 (Figure 6) 
illustrate the random distribution of adhesive between 
adherend surfaces at 300°K and the change in mode of 
failure of 76°K from that at 300°K. 


Failures in impact-shear at 300°K resembled the 
corresponding tensile-shear failures in that all appear to 
have failed at or very near the adhesive-adherend 
interface and the size of the adhesive pieces clinging 
to adherend surfaces increased with molecular weight. 
However, the distribution of adhesive between mating 
surfaces was random in all impact specimens tested at 
this temperature. The lower temperature tests produced 
the same change in mode of failure from the room tem- 
perature tests except that failures of specimens resulted 
in a thin adhesive layer remaining on one adherend 
surface with no noticeable variation in the thickness of 
this layer. Specimens of R-2 (Figure 7) illustrate typical 
impact-shear failures obtained at both temperatures. 


Thermal Contraction 


The magnitudes of shrinkage involved in cooling the 
bulk adhesives, cured with MPD, to the temperature of 
liquid nitrogen are compared in Figure 8 with the 
graphically integrated thermal expansivity of aluminum 
between 76°K and 300°K and the thermal contraction 
of an epoxy resin (approximate M.W. = 400), filled 
and unfilled, which was cured with an aliphatic amine. 
The filled resin contained approximately 50 percent by 
weight of alumina, and the curing agent used in both 
cases was diethylaminopropylamine (DEAPA). 

The values given for the adhesives represent the nega- 
tive change in total length between 300°K and 76°K 
divided by the 300°K length. As a result, they are not 
equivalent to integrated linear thermal expansivity. 
However, since change in length per unit length be- 
tween the two temperatures is much less than unity, 
values for a given material derived from the two meth- 
ods would differ only by about 1 percent. 
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Figure 6. Tensile-shear failures (top to bottom) at 300°K 
and 76°K 


DISCUSSION OF RESULTS 
Mechanical Strength 


A statistical analysis of the significance of tempera- 
ture effect on both tensile-shear and eee 
strengths for each resin tested is summarized in Table 
2. Assuming normal distribution, the student “t” was 
used to test the hypothesis that the true mean of the 
population at 76°K is equal to the true mean of the 
population at 300°K for an equal tails test at the 5% 
level (12). The notations N.S., S. and Q.S. after the 
calculated “t” indicate not significant, significant and 
questionable significance respectively. 

It should be noted that measurements of the me- 
chanical strength of adhesive joints provide numbers 
indicative of strength available to endure service loads 
for the type of joint used and are not generally applic- 
able for the evaluation of one specific property (13). 


Figure 7. Impact-shear failures (left to right) at 300°K and 
76°K 
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Figure 8. Total thermal contraction of cured epoxy resins 
and aluminum between 300°K and 76°K 


Other than variations in geometry, the three factors 
which contribute most to the ultimate joint strength 
and mode of failure are adhesive properties at the ad- 
hesive-adherend interface, cohesive properties of the 
adhesive, and residual stresses resulting from differential 
dimensional changes between the adhesive and adher- 
end after a bond has been established at the interface. 
To interpret the results of this investigation, then, each 
of these factors and its contribution to the properties of 
the joint must be considered. 


Adhesive and Cohesive Properties 

Adhesive properties are developed in the early stages 
of bond preparation. It can be postulated that the un- 
cured resin (in this case at the cure temperature) is 
adsorbed by the adherend and that the adhesive strength 
is relative to the magnitude of the adsorptive forces; 
the strength of adsorption of epoxy resins increases with 
molecular weight (5). Interesting similarities between 
adsorption and adhesion and the relation between ad- 
sorption and physical characteristics of macromolecules 
have been discussed by other investigators (14, 15). As 
the chemical curing reaction progresses, the mobility of 
the resin molecules is reduced, thus limiting any further 
possible adsorption. The cohesive strength is developed 
as a result of this chemical reaction changing the ther- 
moplastic resin into a tough thermosetting polymer 
structure. 

Assuming that forces of adsorption increase as the 
temperature is decreased suggests that bonds at 76°K 
should be stronger in adhesion than those at 300°K. If 
one considers that most polymeric materials also tend 
to increase in cohesive strength at low temperatures, 
accompanied by embrittlement, it would be reasonable 
to expect tensile-shear bonds at 76°K to be stronger 
than those at 300°K provided that residual thermal 
stresses are not limiting. Though not statistically signi- 
ficant, average tensile-shear strengths of R-1 and R-2 
specimens seem to support this hypothesis. 


Residual Stresses 

Since the resin molecules are essentially anchored to 
the adherend, any differential dimensional change be- 
tween adhesive and adherend during or after cure re- 
sults in stresses in the bond which are greatest at the 
interface. Residual stresses at the service temperature 
then would impose a larger decrease in adhesive rather 
than in cohesive strength. The total difference in di- 
mensions is actually from two separate causes. The first 
of these is chemical shrinkage of the adhesive during 
cure; the second is the differential thermal contraction 
between adherend and adhesive in cooling to the ser- 
vice temperature. 

The total contraction exhibited by epoxy resins in 
curing with phthalic anhydride at 120°C and cooling 
to room temperature increases with the amount of cur- 
ing agent required for cure and decreases, therefore, 
with an increase in molecular weight of the uncured 
resins (5). A similar shrinkage, though not necessarily 
of the same magnitude, would be expected with epoxy 
resin-metaphenylenediamine systems. Since the thermal 
contraction of the bulk adhesives varies directly with 
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molecular weight of the resins as shown by the meas- 
urements between 300°K and 76°K, chemical shrink- 
age must be the contributor causing the inverse effect 
at normal temperatures. 

The net effect of residual stresses is dependent on the 
service temperature and the magnitude of thermal con- 
traction of the adherend material. At 300°K the thermal 
effect is small compared to that of the chemical reac- 
tion, and the residual stresses are due predominantly to 
cure shrinkage. As a result, bonds of the low molecular 


‘weight resins suffer the greatest reduction in room tem- 


perature strength. At 76°K the differential thermal 
contraction .between adhesive and adherend adds 
stresses to those already present at 300°K. Then, from 
room temperature to liquid nitrogen temperature, bonds 
of the high molecular weight resins suffer the greatest 
loss in strength. Figure 9 illustrates the relation be- 
tween change in the arithmetic means of the tensile- 
shear strengths and thermal contraction from 300°K 
to 76°K. 


Aliphatic Versus Aromatic Cures 

At the outset of this investigation three preliminary 
lap shear specimens were prepared from R-1 cured 
with diethylaminopropylamine for two hours at 165°F. 
One of these specimens, tested at 300°K, failed at 2170 
psi; the other two, tested at 76°K, failed at 2170 and 
1180 psi. Modes of failure were the same as those ob- 
served with the MPD cure. However, the specimen 
producing the low value at 76°K showed signs of ad- 
herend discoloration, and the strength obtained is not 
thought to be representative of the aliphatic amine 
cure. menges that the two remaining values are rep- 
resentative, a limited comparison can be made between 
aliphatic and aromatic amine type cures. 

If adhesive properties are truly developed by an ad- 
sorption mechanism, then the curing agent must also 
play a significant role in this step. Considering only 
specimens of R-1 tested at 300°K, the average strength 
of those cured with MPD was 30 percent higher than 
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Figure 9. Ratio of 76°K and 300°K tensile-shear strengths 
compared to thermal contraction of the adhesives 


the strength of the specimen cured with DEAPA. Ali- 
phatic amines might offer a greater interference to the 
resin adsorption responsible for adhesive strength. As 
mentioned previously, if the apparent adhesive failures 
observed actually occurred in a plane very close to the 
adherend surface leaving a film not visibly discernible, 
the difference in ultimate stress could be attributed to 
a difference in cohesive strength of the adhesives. 

The low temperature strength obtained with the 
DEAPA cure is approximately 60 percent lower than 
the average of those cured with MPD. The fact that the 
thermal contraction between 300°K and 76°K with the 
DEAPA cure is greater than with that of MPD (Figure 
8) could account for this increase in strength difference. 


Conclusions 

e Failures at 300°K occur at or very near the adhesive- 
adherend interface. 

e Joints become stronger but less resistant to impact 
loading with increase in MW of resins. 

e Residual stresses at room temperature act to increase 
the tensile-shear strength and to minimize the decrease 
in impact resistance with an increase in MW. 

e At 76°K joint failures occur in a plane near the 
interface where residual stresses are probably at a maxi- 
mum within the adhesive. 

e Measurements of total linear thermal contraction 
between 300°K and 76°K provide useful indices of the 
residual stresses which are added to those at normal tem- 
peratures in cooling adhesive joints to the temperature 
of liquid nitrogen. Since most of the thermal contrac- 
tion occurs between normal temperatures and_ liquid 
nitrogen temperature, residual stresses involved in cool- 
ing down to the temperature of liquid helium (4.2°K), 
for example, will not be much greater. 

e These added stresses increase with molecular weight 
of the resins in such magnitudes to affect a significant 
decrease from 300°K to 76°K in the strength of tensile- 
shear joints of high molecular weight resins, probably 
above 1000. 

e There is no significant trend in impact strength with 
molecular weight at the low temperature. 
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¢ The implication from (6 and 7) is that if the —e- 
tude of the 76°K residual stress was independent 
of molecular weight of the resins, bond strengths might 
well increase with molecular weight for both tensile 
and impact loading. 

e An aromatic amine cure would probably produce 
better bond strengths at both 300°K and 76°K with 
less residual stresses at the low temperature than an 
aliphatic amine cure. 

e In general, of those tested, the bisphenol-A epoxy 
resin with a molecular weight of 634 would produce 
the best adhesive. This is a compromise of tensile- 
shear and impact-shear strengths at both temperatures 
and ease of handling. 
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5 of the more important measurements made by 
those investigating high polymers is that of the 
magnitude and temperature dependence of the electrical 
volume resistivity. Such data can be used to calculate 
the activation energy, E., for the electrical conduction 
process in the polymer and to estimate the extent of 
polymerization. The magnitude and temperature de- 
pendence of the electrical resistivity (or conductivity ) 
of a polymer is a function of the molecular structure of 
the polymer, the nature and number of the current 
carriers, and the temperature. Resistivity determinations 
have been used for many years by physicists in studying 
the structure of both elements and inorganic compounds 
(1), and more recently they have been applied to solid 
organic compounds (2). However, the use of this meas- 
urement on high polymers has not been widespread. A 
number of years ago studies by Fuoss (3) and by Baker 
and Yager (4) utilized the temperature dependence of 
the resistivity as an aid in studying the molecular 
structure of polymers. Following their work, use of the 
technique has slowly become more widespread. How- 
ever, the literature still does not contain any significant 
amount of accurate data on the magnitude and tem- 
perature dependence of the electrical resistivities of 
thermoplastic and thermosetting polymers. 

Such information is of great importance not only in 
technological applications of these materials but also in 
theoretical investigations. The values reported here and 
the experimental technique are of interest to those con- 
sidering the possibility of employing modified polymers 
(5) as organic semiconductors. These data could also 
serve as an index for the characterization of polymers. 
In addition to the experimental work and data reported 
here, the available literature values for the temperature 
dependence of the resistivity of various polymers are 


also included. 


Theoretical 

The theoretical basis for calculating the activation 
energy, E., of the electrical conduction process has been 
developed by Glasstone, Laidler, and Eyring (6) who 
have shown that the concepts used in chemical kinetic 
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Measurements of the temperature dependence of volume resistivity 
of a variety of polymers are used to elucidate polymer structure 
and the mechanism of electrical conduction 


studies can be successfully applied to physical processes. 
The change in the electrical resistivity of a polymer with 
temperature can be considered to be a rate process simi- 
lar to those encountered in chemical kinetic studies and 
the same equations can be applied to both chemical and 
physical rate processes. 

Equation (1) is used to calculate the activation en- 
ergy for the conduction process. 


p = A, exp (+ E./RT) (1) 


where p is the resistivity, A, is a temperature independ- 
ent constant, R is the molar gas constant 1.987 cal/deg- 
mole, T is the absolute temperature, and E, is the ac- 
tivation energy for the conduction process. 

Many investigators have studied the electrical con- 
duction process in high polymers, (3, 7) and the evi- 
dence is that conduction is an ionic process. Ions stem 
from three sources. The first and largest source of ions 
consists of impurities which are not part of the structure 
of the polymer and will migrate under the influence of 
an externally applied electric field. Secondly, thermal 
agitation causes some ionic dissociation. The number of 
ions from this source increases exponentially with tem- 
perature as shown in equation (2) 


N = C, exp (— E,/kT) (2) 


where N is the number of ions formed, C, is a constant, 
E, is the activation energy for the formation of an ion, 
k is the Boltzmann constant, and T the absolute tem- 
perature. Thirdly, some ions are formed by background 
radiation (7). In addition, McCall and Anderson (8) 
have recently suggested that electrical conduction in 
polyamides is due to proton migration in the amorphous 
region of the polymer. 

Conduction in polymers depends not only on the 
number of ions present but also upon the mobility of 
the ions. This mobility, which is proportional to the re- 
ciprocal of the viscosity of the system, increases ex- 
ponentially with temperature as shown in equation (3). 


M = C, exp (— E./kT) (3) 
Where M is the mobility, C, is a constant, E, is the 
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activation energy for the mobility of an ion, k is the 
Boltzmann constant, and T is the absolute temperature. 

The electrical conductivity of a polymer is the prod- 
uct of the number and the mobility of the ions present, 


or 
—(E, + E, ) 


kT 


where o is the conductivity and the other symbols have 
their usual meaning. 

Stearn and Eyring (9) have shown that the migration 
of ions in solids in an electric field can be represented 
by the absolute reaction rate theory (6). The observed 
ionic currents are the resultant of the movement of the 
ions in the direction of the applied field and the back- 
ward diffusion of ions because of the concentration 
gradient thus established. The rate can be represented 
by equation (5) 


d 
= (NDe ze/kT)— ND— (5) 
x 


o = CC, exp = C exp (— E./kT) (4) 


where N is Avogadro’s number, D is the diffusion con- 
stant of the ion, c is the ionic concentration, « is the 
potential gradient, z is the valence of the ion, e is the 
electronic charge, de/dx is the concentration gradient, k 
is the Boltzmann constant, and T is the absolute tem- 
perature. 

It has been shown by Speigler and Coryell (10) that 
conduction and diffusion in polymers follow the same 
mechanism and that a general treatment of ionic mobil- 
ities should apply to both phenomena. Diffusion is a rate 
process governed by an activation energy as shown in 
equation (6) 

D = D, exp (— E,/RT) (6) 


where D is the diffusivity, D, is a temperature inde- 
pendent constant, R is the molar gas constant, T is the 
absolute temperature, and E, is the activation energy for 
the diffusion process. Since diffusion and conduction in 
polymers are in effect identical processes, it follows, for 
a given polymer and identical diffusing species, that E. 
and E, should have similar values. Unfortunately, avail- 
able literature values for both E, and Ey on the same 
polymers are very limited. 


Experimental 


The temperature dependence of the electrical resis- 
tivity is obtained by monitoring the resistivity and the 
temperature of a polymer while being heated in an oven 
at the rate of about 15°C per hour. The polymer is 
previously polymerized directly (in the cases of poly- 
ethylene and polystyrene melted) to parallel strip elec- 
trodes which are completely embedded in the polymer. 
A thermocouple is taped to one of the electrodes and 
allows measurement of the temperature of the polymer 
at the electrode. These electrodes are connected to a 

Continuous Current Monitoring Device (CCMD) (11). 
‘The CCMD, which is a simple application of Ohm’s 
Law, is used to determine the temperature dependence 
of the electrical resistivity of various polymers. This de- 
vice consists of a Keithley Model 210 Electrometer, a 
Keithley Model 2008 decade shunt, and the parallel 
strip electrodes. This instrumentation can monitor the 
large change in resistivity (10° to 10° ohm-cm) which 
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Figure 1. Temperature dependence of the electrical resistivity 
of various polymers 


may occur in a polymer upon heating. A complete des- 
cription of the CCMD, the parallel strip electrodes, and 
the experimental arrangement have been previously pre- 
sented (11). The measurements reported here were 
made at a field strength of 225 volts/cm. To insure com- 
plete polymerization, each sample was post polymerized 
for at least 16 hours at a temperature higher than the 
maximum to be attained during the subsequent resistiv- 
ity determination. 


Materials 

The polymers used in this study consisted of com- 
mercially available materials. With the exception of the 
polyethylene and polystyrene, the polymers consisted of 
viscous liquids to which it was necessary to add a suit- 
able hardener in order to induce polymerization. The 
polyethylene and polystyrene samples were supplied in 
the form of small pellets. These were melted around 
the electrodes at 150°C. 

The polymers studied can be defined in terms of 
starting materials, basic unit structure, and reactive 
functional groups. Epon 828 (Shell Chemical Corp.) is 
reported to be prepared from two moles of epichloro- 
hydrin and one mole of bis (4-hydroxyphenyl)dimethyl- 
methane (12) and has an epoxide value of 0.54 per 100 
grams and a hydroxyl value of 0.08 per 100 grams. De- 
tails of the preparation of this epoxide and the basic unit 
structure have been previously given (12). Epon 828 
was polymerized with the stoichiometric amount of each 
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Figure 2. Temperature dependence of the electrical resistivity 
of various polymers 


of the following hardeners, 13% of tris (dimethylamino- 
methyl) phenol tri(2-ethyl hexoate) [DMP], 12.6% of 
m-phenylene diamine (MPDA), 5.7% of diethylamino- 
propylamine (DEAPA), 59.5% of dodecenyl succinic 
anhydride (DDSA), and 37% of maleic anhydride 
(MA). 

Both of the styrene base polyesters, Paraplex P-43 
(Rohm and Haas Corp.) and Laminac 4116 (American 
Cyanamid Co.) are reported to consist of 70% of an 
unsaturated linear polyester dissolved in 30% of styrene 
monomer. The polyester component consists of a linear 
reaction product of the condensation of phthalic and 
maleic acids with propylene glycol. Crosslinking by the 
styrene was initiated by 1% of methyl ethyl ketone 
peroxide. The basic unit structure of these polymers has 
been given by Anderson and Freeman (13). 

The polyamide-epoxide copolymer consisted of 60% 
of an epoxide, ERL-2795 (Bakelite Corp.). This epox- 
ide is very similar in structure to Epon 828 and is mixed 
with 10% of a reactive diluent, butyl glycidyl ether 
(14). This mixture of epoxides has an epoxide value of 
0.54 per 100 grams. Polymerization was effected by 
40% of an amine terminated aliphatic polyamide, Vers- 
amid 125 (General Mills Corp.). This polyamide is a 
condensation polymer of a dimerized linoleic unsaturated 
fatty acid and an excess of an alkyl polyamine and has 
an amine value of 290-320 (15). 

Dow 2633 (Dow Chemical Co.) is an epoxide similar 
in structure to Epon 828 with an epoxide value of 0.53 
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per 100 grams. This was polymerized with 10% of 
DMP. Hysol 6600 (Hysol Corp.) is an epoxide contain- 
ing polyester groups and 50% of SiO, filler and was 
polymerized with 14% of phthalic anhydride. 

The polysulfide-epoxide copolymer was a 50:50 mix- 
ture of Epon 828 and a mercaptan terminated saturated 
elastomer having the structure (16) HS(CH,CH,OCH.- 
OCH.CH.SS ) ,CHsCH,OCH,OCH.CH,SH. This was poly- 
merized with 3% of diethylaminopropylamine (DEAPA). 
The polyurethane was a reaction product of a polyester 
glycol and 2, 4-tolylene diisocyanate which was cross- 
linked with 40% castor oil. 

The polyethylene was Marlex 50 (Phillips Petroleum 
Corp.) and the polystyrene was Styron 666 (Dow 
Chemical Corp.). Both of these polymers were used as 
received. The diallyl phthalate (Shell Chemical Corp.) 
was polymerized with 1.96% of benzoyl peroxide. 


Results and Discussion 

The results of this investigation are shown in Figures 
1 to 4 which are Arrhenius plots of the resistivity vs 
the reciprocal of the absolute temperature. Table 1 lists 
the polymers studied, the temperature range considered, 
and the calculated values of E.. Table 2 lists the litera- 


Table 1. Activation Energy, E., For 
Electrical Conduction in Polymers 


Designation in Temperature E. 


Polymer Figures Range Keal/mole 
Paraplex P-43 Polyester 1 65-125°C 46 
Dow 2633 + D Epoxide 1 50-75°C 47 
Epon 828 + D Epoxide 2 35-65°C 30 
Epon 828 + MPDA _Epoxide 3 60-145°C 30 
Epon 828 + DEAPA Epoxide 4 50-110°C 38 
Polyamide-Epoxide Polyamide 30-150°C  — 
Diallyl phthalate Diallyl phthalate 35-120°C 26 
Polysulfide-Epoxide  Polysulfide 20-85°C 24 
Polyethylene Polyethylene 40-125°C 13 
Polystyrene Polystyrene 40-80°C 30 
Hysol 6600 _ Epoxide 5 60-135°C 54 
Epon 828 + MA Epoxide 6 85-150°C 38 
Polyurethane Polyurethane 35-75°C 
Epon 828 + DDSA _ Epoxide 7 40-95°C 46 
Laminac 4116 Polyester 2 55-125°C 46 


Table 2. Literature Values of the Activation 
Energy for Electrical Conduction in Polymers 


Temperature E., 

Polymer Range Keal/mole Reference 
Polyhexamethylene 

sebacamide 60-140°C 29.7 4 
Polytrifluoro- 

chloroethylene 20-100°C 24 7 
Polyvinyl chloride 60-100°C 64 3 and 22 
Polyethylene 

terephthalate 100-200°C 38 28 
Polymethy| 

methacrylate 21-60°C 33 29 
Various Styrene- 

Acrylonitrile 

copolymers 25-150°C — 30 
Nylon 66 40-160°C 40 8 
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Figure 3. Temperature dependence of the electrical resistivity 
of various polymers 


ture values for E. for various polymers. The polymers 
considered here were completely polymerized and the 
E. values are the maximum that have been obtained for 
these polymers. These results were reproducible within 
about 3%. 

The activation energies for conduction in the polymers 
considered fall into three groups which appear to be 
dependent upon the structure of the polymer. In the 
first group are those polymers in which E. is less than 
25 Kcal/mole. These polymers are usually either ther- 
moplastic or not highly crosslinked and only slightly 
polar. Many are flexible and the ions can diffuse through 
the relatively open structures with a minimum of diffi- 
culty. A second group of polymers are those in which 
E. is between 25 and 40 Kcal/mole. Almost all of these 
polymers are crosslinked but the crosslinking density is 
not necessarily high. For example, diallyl phthalate 
when completely polymerized is about 70% converted. 
Although the crosslinking density is not high, these 
polymers are not flexible. Finally, there is a third group 
of polymers for which E. is above 40 Keal/mole. The 
last group is characterized by high crosslinking densi- 
ties and there is very little unconverted monomer or 
low molecular weight polymer present. 

There are exceptions to the above generalizations. A 
high E, value does not always indicate that the polymer 
is highly crosslinked. Highly polar polymers have E. 
values higher than would normally be expected. For 
example, polyvinylchloride is a highly polar thermo- 
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plastic polymer with an E, value of 64 Keal/mole.(3) 
The electrical conduction process in polyvinyl chloride 
has been attributed by Fuoss (3) to traces of hydrogen 
chloride released as a result of pyrolysis during the 
preparation of the polymer. It thus appears that this 
combination of a highly polar polymer and bulky cur- 
rent carriers accounts for the high E,. value. In con- 
trast, low pressure polyethylene (Marlex 50), which 
is nonpolar, has a low E, value of 13 Keal/mole. The 
high value for of 30 Kceal/mole is rather 
surprising, as this polymer is only slightly polar. How- 
ever, this value is in good agreement with the value of 
28 Kcal/mole found by Fowler and Farmer. (17) The 
amorphous thermosetting polymers such as the epoxides 
and polyesters are very complex in structure, and only 
a very limited amount of data are available as to the 
polar properties of these polymers. However, the high 
crosslinking density results in a rigid molecular struc- 
ture, which minimizes the possibility of any dipole 
orientation occurring. 

In the case of the polyethylene noted above, diffu- 
sion studies have been carried out on this polymer by 
Auerbach and co-workers.(18) Ea was found to be 12.2 
Kcal/mole for the diffusion of octadecane in polyethy- 
lene. The value of 13 Kcal/mole for E, is therefore in 
good agreement. 

The extent to which E. depends upon the molecular 
weight of the diffusing current carriers cannot be de- 
termined at present. However, it appears that for the 
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most part the current carriers are of relatively low 
molecular weight. The sizes and types of current car- 
riers are very important. It would be expected that 
small compact ions would diffuse through the polymer 
structure more easily than large bulky ions. This has 
been observed by Meares (19) who studied diffusion in 
swollen polymer networks. Determination of the exact 
nature of the current carriers would be very difficult be- 
cause of the small number and size of the ions. 

Warner (20) determined the temperature depend- 
ence of the resistivity of two vinyl polymers, identical 
in structure except that one polymer was carefully puri- 
fied to remove ionic impurities. Upon determining the 
temperature dependence of the resistivity it was found 
that, while both polymers exhibited the same depend- 
ence, i.e., the same E, value, the resistivity of the puri- 
fied polymer was greater in magnitude by one decade. 

With the single exception of the polysulfide-epoxide 
copolymer, the polymers considered here were studied 
at temperatures below the glass or second order transi- 
tion temperature. At temperatures below the transition 
point (or range) the polymers were hard and brittle, 
while above the transition temperature they were rub- 
bery and soft. It has been previously shown (21) that 
the glass or second order transition temperature can 
be determined by noting the temperature at which a 
change of slope occurs in a plot of resistivity vs tem- 
perature. Most of the polymers considered here will ex- 
hibit a glass transition at temperatures above those 
considered in this paper. Data on the glass transition 
temperature for many of the polymers considered in this 
paper have been previously published. (21) 

Dielectrics differ from metals in that the electrical 
resistivity decreases as an exponential function of the 
temperature. It will be noted that the slopes of the plots 
of logarithm of resistivity vs temperature shown in 
Figures 1 and 3 all exhibit a linear temperature depend- 
ence. However, in addition to the previously cited 
change of slope at the glass transition range, a plasti- 
cized polymer will exhibit a nonlinear resistivity vs 
temperature plot. In Figure 2 the temperature depend- 
ence of a polyamide-epoxide copolymer is shown. This 
copolymer is internally plasticized (15) by the long 
chain polyamide component. Specific heat determina- 
tions (22) on this material have also indicated that the 
copolymer is internally plasticized. The nonlinear tem- 
perature dependence of the resistivity prevents an ac- 
curate calculation of the E.. The polyurethane shown 
in Figure 4 is also internally plasticized, probably by an 
excess of castor oil. 

Plasticizers are often added to polymers to lower the 
glass transition temperature. The addition of a plasti- 
cizer has a considerable effect on E. as has been shown 
by Caillon and Groubert (23) and Davies, Miller and 
Busse (24). Plasticization takes place through the for- 
mation of a gel which can be considered as a solution 
of the plasticizer in the polymer. The structure of the 
plasticized polymer is thus made more open and flexible. 
This will allow the current carriers to diffuse through 
the polymer more easily with a resultant lowering of the 
energy required for the process. Thus E. will progres- 
sively decline as the amount of plasticizer is increased. 
Caillon and Groubert (23) have shown that as the 
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amount of dioctyl phthalate is increased in polyvinyl- 
chloride, E. drops from a value of 64 Kcal/mole in the 
unplasticized polymer to 16.5 Keal/mole for the poly- 
mer containing 20% of dioctyl phthalate. Polyvinyl- 
chloride exhibits some tendency to crystallize, and the 
effect of crystallization is to increase E,. It is expected 
that a crystal will act somewhat like crosslinking in 
preventing the diffusion of the current carriers. Con- 
duction will occur more easily in the amorphous phase 
(8) and the presence of crystals raised both E., and 
the magnitude of the resistivity. 

Recently Erath and Spurr (25) have presented evi- 
dence for the existence of highly crosslinked globular 
formations, or micelles embedded in a lower molecular 
weight matrix polymer. Since the micelles possess a 
greater density than the less crosslinked matrix polymer, 
it would appear probable that electrical conduction 
would preferably occur in the matrix rather than in the — 
micelles. It thus appears probable that polymers with a 
high micelle to matrix ratio would be expected to exhibit 
higher values. 

It has been previously shown (26) that the magni- 
tude and temperature dependence of the resistivity 
(hence E.) increases as a function of the extent of 
polymerization. Thus, E. is an index of the extent of 
polymerization in terms of a fundamental property of 
the polymer. Furthermore, Nakajima, Saito and Goto 
(27) have concluded that the larger the value of E, 
the greater are the number of crosslinkages. In the case 
of a series of unsaturated polyesters crosslinked with 
styrene, the maximum magnitude of the resistivity will 
be attained by the copolymer crosslinked with an 
amount of styrene equivalent to the extent of unsatu- 
ration of the polyester. They further suggest that this 
indicates that if more than one molecule of styrene is 
used to crosslink two polyester chains, the resultant 
“styrene bridge” will hinder the intermolecular bonding 
between ester groups. This work is an example of a case 
where the magnitude of the resistivity and E. data are 
used to yield specific information on polymer structure. 
Additional work in this field seems warranted. 

While the magnitude and temperature dependence of 
the resistivity increase as a function of the extent of 
polymerization, both these parameters will decrease as 
a function of the extent of degradation. Recent work at 
this Laboratory has shown that as a polymer is progres- 
sively pyrolyzed both the magnitude and the tempera- 
ture dependence of the resistivity decrease. These de- 
creases can be attributed to an increase in the amount 
of polymer carbon present. When the noncarbon com- 
ponents have been volatilized the remaining polymer 
carbon will exhibit the flat or slightly negative tem- 
perature dependence of the resistivity which is charac- 
teristic of carbon. The results of this degradation study 
will be published later. 

Munick (29) has found that the electrical conductiv- 
ity of polymethyl methacrylate (PMMA) is ohmic at 
low and moderately high field strengths. At higher field 
strengths (10 Kilovolts per cm. and above) the conduc- 
tivity exhibited a deviation from an ohmic dependence. 


_ At present only a limited amount of data is available on 


the dependence of the conductivity of polymers upon 
the electric field strength. However, in general, poly- 


SPE TRANSACTIONS, APRIL, 1961 


in 

‘ 
> 

t 
wk 

43 

ast 

> 

2° 
{ 
| 


meric materials exhibit appreciable voltage coefficients of 
the electrical conductivity. Because of this, the field 
strength at which the measurements are made should 
be noted. Studies are in progress to further define the 
dependence of the electrical conductivity of polymers 
upon field strength. 

Another aspect of resistivity measurements which 
should be stressed is their usefulness in long term 
studies of polymer stability. The parallel strip electrodes 
can be embedded in a polymer and the system measured 
periodically at constant temperature. Changes in the 
magnitude of the resistivity could be indicative of pos- 
sible degradation, crystallization, polymerization or 
moisture absorption. Reversion in elastomers has been 
detected by this procedure. 

The importance of resistivity measurements in the 
study of organic semi-conductors cannot be over em- 
phasized. Not only are these measurements of techno- 
logical importance but the data can be used to deter- 
mine structural parameters and the nature of the 
conduction process in these new compounds (2). The ex- 
perimental techniques and methods of analysis presented 
in this paper are immediately applicable to semi-con- 
ducting compounds. 

It should also be noted that, while the resistivity 
measurements reported in this and in previous papers 
has been extensive, it is believed that additional param- 
eters can be obtained by these measurements. It is 
expected that the additional data will be of a more 
fundamental type than has been previously obtained. 


Conclusion 


Electrical volume resistivity measurements made as a 
function of temperature on solid polymers can be used 
to yield data useful in elucidating polymer structure. 
The postulate that electrical conduction in polymers is 
an ionic diffusion process controlled by an activation 
energy appears to be valid. Magnitude and temperature 
dependence of the resistivity, as well as information on 
the extent of polymerization, the glass transition tem- 
nerature, plasticization effects, the activation energy 
for the conduction process, and thermal degradation of 
a polymer can be obtained by resistivity measurements. 
This technique is not completely self-sufficient, but 
rather the emphasis for future work must be placed 
upon combining resistivity data with those obtained by 
other methods. 
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Polyethylene Flow Data | 


From Melt Viscometer and 
Commercial Extruder Measurements 


H. P. Schreiber 


Central Research Laboratory, Canadian Industries Limited, 
McMasterville, Quebec, Canada. 


For certain operating conditions, flow data obtained from a 


viscometer are suitable for predicting extruder performance 


Re: a high shear melt viscometer has been de- 
veloped in this laboratory, by which it is possible to 
determine accurate shear rate-shear stress (flow) data 
of polymer melts like polyethylene with considerable 
speed. Such data can be of very real value in establish- 
ing the detailed structural properties of a polyethylene 
melt. An example of this value has been given by Mills 
and co-workers (1), who correlated shear rate-shear 
stress data with the molecular weight distribution in 
polyethylenes. 

High shear viscometer (H.S.V.) flow data are also 
interesting from the viewpoint of their potential use in 
correlations with similar data obtained from a commer- 
cial extruder. Such an extruder, fitted with a mono- 
filament extrusion die, may be considered as a capillary 
viscometer which is continuously fed by a melt convey- 
ing screw. A comparative study of H.S.V. and extruder 
flow data could therefore yield valuable information on 
the effects of melt compression and screw working. 
Furthermore, if a correlation between H.S.V. and ex- 
truder flow data can be established, then the H.S.V. 
data may be of definite value in predictions of the ex- 
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trusion performance of polyethylene melts. Methods for 
predicting extrusion performance have already been de- 
veloped (2, 3). These, however, involve rather lengthy 
calculations and tend to compromise accuracy for a gen- 
erality of application by assuming the existence of gen- 
eral melt viscosity-shear rate, and melt viscosity-tem- 
perature relationships in polyethylene. The use of H.S.V. 
data would have the advantage of speed and by avoid- 
ing the use of general viscosity relationships would lead 
to predictions which are specific to the polymer melt 
under consideration. 

This work was therefore undertaken to study the re- 
lationship between polyethylene flow data obtained 
from the H.S.V. and a commercial extruder, and to in- 
dicate some possible uses of the H.S.V. data in predict- 
ing the performance of the polymer in a commercial 
extruder. 


Equipment and Procedure 

Apparatus: The high shear viscometer used in this 
work has been previously described (1, 4). It consists 
of a barrel maintained at constant temperature, from 
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Figure 1. Diagram showing special instrumentation of extruder 


which molten polyethylene is forced under precisely 
measured nitrogen pressures through a capillary orifice 
of closely specified dimensions. The capacity of the bar- 
rel was about 30 gm. of polyethylene. 

A commercial, 24% in. Hartig single screw extruder was 
used as representative of commercial extrusion devices. 
The unit was powered by a 7% H.P. D.C. motor driv- 
ing through a variable speed box and reduction gear. 
The extruder barrel and extruder die assembly were 
instrumented with additional thermocouples, as_indi- 
cated in Figure 1. Thermocouple readings were recorded 
continuously on a Daystrom eight-point strip chart re- 
corder, and the extruder was operated so as to maintain 
the temperature of the screw metering section and die 
chamber assembly (thermocouples 1, 2, 3 and 8) uni- 
form and constant at any selected extrusion temperature. 
Pressure developed by the melt against the restricting 
die orifice was measured by means of a Bourdon gage 
of a similar type to that described by Carley (5). The 
gage was placed in the die chamber assembly near the 
extruder breaker plate (see Figure 1). No screen pack 
was used in any of the extruder experiments. 

Throughout this work, a 2% in. diameter metering 
type screw was used. The screw was 43 in. long, having 
a channel depth of 0.430 in. tapering to 0.115 in. in the 
foot long metering section. The screw root was drilled 
to allow the use of water cooling. 

In all extruder experiments, the screw power require- 
ment was estimated. To do this, the power consumption 
of the D.C. motor was evaluated from the sum of the 
power requirements, per unit time of operation, of its 
field and armature. The field power was obtained from 
simultaneous voltage and current readings of D.C. in- 
struments. The more variable armature power was 
registered on an integrating wattmeter, which had been 
calibrated for various load applications by means of 
precision voltmeters and ammeters. The motor power 
requirement was converted to screw power by taking 
into account the gear box efficiency, which had been 
calibrated at various applied loads by means of a prony 
brake system. 

Extrusion Dies: A total of four dies was used in these 
experiments. Two of the dies fitted the H.S.V. and a 
similar pair was constructed for use in the extruder. 
All dies had a length to radius ratio of 18.3, but one 
pair of dies had a flat entry, while the second pair had 
a conical tapered entry, with a taper angle of 60° (120° 
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included angle). For practical reasons, the extruder dies 
were of larger bore, having radii of 1.40 mm. compared 
with 0.244 mm. radii of the H.S.V. dies. All dies were 
constructed of tool steel. 

Materials: More than 50 samples of high pressure 
polyethylene were used in this study. The samples were 
obtained from different sources and covered the melt 
index (6) range from 0.1-10.0. Prior to extrusion either 
from the H.S.V. or the commercial extruder, all poly- 
ethylenes were compounded with 0.1% by weight of 
4, 4’-thiobis- (3-methyl-6-tertbutylphenol) (Santanox) 
antioxidant to guard against the effects of oxidative 
changes. 


| / 


10? P(ps.i.)| | 
Figure 2. Concurrence of h.s.v. and extruder flow data. 
Neutral screw extrusion of polyethylene A-1] (m.i. = 6.9) 


and C-1 (m.i. = 2.0) 
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Procedure: Flow data were obtained for a given 
polyethylene from H.S.V. and extruder extrusion over 
broad ranges of shear stress, and at melt temperatures 
ranging from 160°-220°C. Stresses were varied by set- 
ting the nitrogen pressure in the case of the H.S.V., and 
by varying the screw speed in the extruder. Timed and 
weighed cutoffs of extrudate were used to calculate the 
shear rate. The reproducibility of H.S.V. output rate 
measurements was + 3%; a slightly higher error of 
+ 5% was tolerated in the extruder measurements. In 
some cases re-extrusion of a given sample was made 
possible by continuously pelletizing the monofilament as 
it issued from the extrider. 

The comparisons of flow data were made for the use 
of similar dies (either flat entry, or 60° taper) in the 
two extrusion devices. The comparison was made by 
superimposing the shear rate-shear stress graphs from 
extruder operation upon plots of the corresponding 
H.S.V. data. In these comparisons, the shear stresses 
were assumed to be directly superimposable. Maximum 
stresses, 7, at the die wall were computed from 


where P is the extrusion pressure and R and L are the 
radius and length of the capillaries. The value of P in 
the extruder operation was that registered by the Bour- 
don gage in the die chamber assembly (Figure 1). This 
assumed that pressure was built up predominantly due 
to the orifice restriction, and that the pressure loss 
within the die chamber assembly was of minor import- 
ance. It was also assumed that values of the end correc- 
tion entering the shear stress formula (4) were inde- 
pendent of die radius. This term could therefore be 
neglected in the shear stress calculations. 
Shear rates, y, were calculated from 


y = 4Q/nR’ 2 


Q being the volumetric output rate. Because of differ- 
ences in the radii of the extruder and H.S.V. dies, ex- 
truder outputs had to be reduced to the corresponding 
H.S.V. die radius, by the correction formula 


Q’ H.S.V. = 5.3 x 10° Q. 3 


where Q’ HLS.V. is the reduced H.S.V. output rate, and 
Q. is the experimental extruder output rate. 

Results: The experimental data fall into two cate- 
gories. One set of results defines a field of resins and 
processing operations for which H.S.V. and extruder 
flow data concur within experimental error. Another set 
indicates limits beyond which there is a general non- 
concurrence of flow data from the two sources. Apart 
from any general conclusions which may be drawn, it is 
stressed that the specific limits for flow data concurrence 
must necessarily be a function of the geometry of the 
extrusion devices. The limits quoted in this work should 
therefore be regarded as specific to the extrusion ap- 
paratus employed, and should not be assigned any 
general significance. 
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Figure 3. Concurrence of h.s.v. and neutral screw extruder 
flow data at varying stock temperatures. Resin B-1 (m.i. = 
1.8) 


Concurrence of Flow Data 


A large body of experimental results showed that for 
resins with melt index equal to or greater than about 
0.7, the flow data from the H.S.V. and the Hartig ex- 
truder concurred within the limits of experimental error, 
provided the extruder was operated with no cooling on 
the screw. Typical data are shown in Figure 2, The two 
polyethylenes are from different commercial sources 
(the capital symbols are used to code the source of the 
polymers), and both have melt indices exceeding 2.0. 
For convenience, both shear rate-shear stress and out- 
put-pressure values are given along the coordinates of 
the plot. The extruder data coincide with the H.S.V. 
results over the entire stress range covered by the vis- 
cometer, and do so well within the limits expected from 
the uncertainty of the extruder output and_ pressure 
measurements. 

The concurrence of flow data from the H.S.V. and 
extruder instruments in question was not affected by 
the melt temperature in the investigated range 160- 
220C. This is illustrated by the data given in Figure 3. 
Polyethylene B-1 is a melt index 1.8 sample. The data 
in Figure 3 also indicate the further general finding of 
concurrence between flow data regardless of whether 
flat entry or tapered entry extrusion dies were used. 

In a number of cases, the extruder monofilament was 
pelletized and subsequently re-extruded. Within the 
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Figure 4. Effect of repeated re-extrusion of polyethylene on 
h.s.v. and extruder flow curve of resin C-2 (m.i. = 1.8) 


limits stated below, re-extrusion invariably was found to 
have no detectable effect on the flow behaviour of the 
polymer. An example is given in Figure 4. The initial 
H.S.V. and extruder flow data for resin C-2 (melt index 
1.8) show the expected concurrence. The extruder and 
H.S.V. data for the sixth extrusion pass are also indi- 
cated, and evidently do not deviate significantly from 
the original flow results. In fact, this polyethylene sam- 
ple only showed a significant deviation from the original 
flow data in its 12th extrusion cycle. At this stage, the 
extrudate was discoloured, suggesting oxidative degra- 
dation in the polymer. Similar findings apply to the 
other re-extrusion experiments, although the number of 
extrusion cycles before deviation from the original flow 
curve was noted varied from 9 to 12. 


Non-concurrence of Flow Data 


There are two distinct sets of experimental results in 
which a significant deviation between H.S.V. and ex- 
truder flow data was noted. 

a) In most experiments involving polyethylenes with 
a melt index less than about 0.7, a non-concurrence of 
flow data was found. The extruder shear rates in these 
cases exceeded the H.S.V. shear rates at comparable 
stresses, and the deviation between flow data tended to 
become more pronounced as the melt index of the poly- 
mer decreased. Typical results are shown in Figure 5 
for a melt index 0.23 material. The shear stresses attain- 
able in the extruder were somewhat limited in the low 
stress end for this polyethylene. 
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Figure 5. Non-concurrence of h.s.v. and extruder flow data. 
Neutral screw extrusion of polyethylene A-2 (m.i. = 0.23) 


b) Water cooling of the extruder screw invariably 
led to extruder flow data which deviated appreciably 
from the H.S.V. results over broad portions of the in- 
vestigated stress range. This was true regardless of the 
melt index of the polyethylene. Typical data are illus- 
trated in Figure 6. Polyethylene B-1 had concurrent 
H.S.V. and neutral screw extruder flow data at 190°C 
(see also Figure 3), but imposition of screw cooling 
markedly altered the extruder flow curve. At low and 
intermediate ‘stresses the extruder shear rates are now 
lower than corresponding H.S.V. values. The slope of 
the cooled-screw extruder flow curve is, however, 
greater than that of the reference curve, and there is 
therefore a tendency for the curves to intersect. The 
intersection is again noted in the case of polyethylene 
A-3 (m.i. = 0.22), and is a characteristic of all cooled 
screw-extruder and H.S.V. flow curves. 


Discussion 


The given results can be qualitatively interpreted in 
terms of the viscosity states of the melts being presented 
to the pertinent extrusion dies. In order for the flow data 
obtained from the H.S.V. and the extruder to concur 
for any given resin and operating conditions, it is neces- 
sary for the apparent viscosities of the melts presented 
to the comparison extrusion dies to be identical. That is 
to say, the response time of the melts to an imposition 
of stress must be short in comparison with the dwell 
time of any volume element of melt in the extrusion 
devices. 
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Figure 6. Non-concurrence of h.s.v. and extruder flow data. 
Water-cooled screw extrusion of polyethylenes B-1 (m.i. = 
1.8) and A-3 (m.i. = 0.22) 


This prerequisite for concurrence of flow data will in 
all probability depend on such properties of the poly- 
ethylene as molecular size, size distribution and degree 
of non-linearity, and on the specific operating conditions 
(extrusion temperature, pressure, etc.). In addition, 
however, the geometry of the extrusion apparatus must 
also be involved. The principle of flow data concurrence 
is then probably general to any capillary extrusion ap- 
paratus, but the stated limits of concurrence are applic- 
able only to the described extrusion apparatus. For 
these, it can be concluded that for resins with melt 
index equal to a greater than 0.7 and neutral screw ex- 
truder operation, the apparent melt viscosities at the 
two dies are indeed identical in the investigated shear 
stress range of 10°-7 x 10° dynes/cm*. This was illus- 
trated in Figures 2 and 3. The latter figure also indi- 
cated that this situation persists for the polyethylenes 
used over the studied temperature range of 160-220°C. 

Cumulative effects of repeated extruder screw work- 
ing are evidently also negligible under the investigated 
experimental conditions (see Figure 4). This finding is 
in general agreement with the results of Schott and 
Kaghan (7), who reported no significant change in the 
apparent viscosities of some high pressure polyethylenes 
after repeated extrusion from an extruder. This invari- 
ance of the flow curve on repeated extrusion does not, 
of course, preclude a change in the physical properties 
of the solid extrudate. The implication is simply that 
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Figure 7. Definition of H.S.V. Area parameter. Arrows indicate 
integration path 


repeated exposure to high temperatures, and repeated 
application of shear energies by screw working was in- 
sufficient, in this case, to cause significant changes in 
those structural properties of the polymer which influ- 
ence its flow behaviour. Similarly, such blending as the 
reasonably homogeneous polyethylene samples received 
in the present neutral screw extruder operation could 
have no appreciable effect on the melt viscosity-shear 
stress characteristics of the resins. 

In terms of the above arguments, non-concurrence of 
H.S.V. and extruder flow data is viewed as an indication 
of differences in the apparent melt viscosities of the 
polyethylenes presented to the two extrusion dies. The 
non-concurrence in the flow data of polyethylenes hav- 
ing a melt index less than about 0.7 is consistent with 
recent evidence from this Laboratory (8, 9) concerning 
the time dependence of melt viscosities measured by 
capillary viscometers such as the present H.S.V. The 
application of any stress to a polyethylene melt does not 
result in an instantaneous establishment of a constant 
shear rate value. Rather, the shear rate increases with 
time toward a steady-state value. The magnitude of the 
shear rate increment and the time involved to reach the 
steady-state value in the H.S.V., depends on the poly- 
mer type and on the extrusion condition (8), but both 
the magnitude of the effect and the time required to 
attain a steady-state shear rate increase as the melt in- 
dex of polyethylene decreases. The time effect was asso- 
ciated with a slow change in the orientational state of 
the polymer melt, following stress application. 
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The time lag in attaining a steady-state output may 
be responsible for the non-concurrence in flow data of 
low melt index polyethylenes. 

Two contributing effects may be recognized: First, in 
the extruder the polyethylene chains have been in the 
molten state for relatively longer times prior to extru- 
sion. There is therefore greater opportunity to attain a 
steady state at any given stress. Second, in a polymer 
melt the chains are probably in a highly entangled state 
(10). Because of prior screw working, the melts enter- 
ing the extruder die chamber may be less severely en- 
tangled than their H.S.V. counterparts, and therefore 
more readily and effectively able to respond to the 
orientational forces acting in the die chamber. Extruder 
melts would therefore be presented to the extrusion die 
in a relatively less viscous state than in the correspond- 
ing H.S.V. experiment. Extruder shear rates would con- 
sequently be higher, with the resulting observed flow 
curve deviations. The extruder experiments could there- 
fore be considered to give a shear rate value which is 
closer to the steady state value for the given polymer at 
any stated shear stress. Differences in the degree of non- 
concurrence between samples are probably to be asso- 
ciated with differences in the structural properties of 
the polyethylenes, but the limiting melt index value of 
0.7 is more likely a characteristic of the employed ex- 
trusion apparatus. 

The non-concurrence of flow data brought about by 
the application of screw cooling appears to be caused 
by two competing effects, which will be discussed in 
more detail in a forthcoming publication. Water cooling 
of the extruder screw can be shown to reduce markedly 
the channel depth in the metering section of the screw 
(11). As a result, the pumping rate of the extruder is 
reduced by an amount which is independent of the 
shear stress. The decreased channel depth, however, is 
tantamount to the creation of a new extrusion system, 
in which the shear history of the melts entering the 
extruder die chamber has been significantly modified. 


2.500 »— 


At any extrusion pressure, the effective amount of shear 
energy to which the melts have been exposed by screw 
working is now greater than under the corresponding 
neutral screw operation. Furthermore, the effect in- 
creases in magnitude with increasing apparent stress. 

Thus, on the one hand in water cooled screw opera- 
tion, the reduced pumping rate of the instrument will 
tend to result in lower extruder output rates compared 
with those from the H.S.V. This effect should be most 
pronounced at low shear stresses where differences in 
shear history are relatively unimportant. The experi- 
mental results substantiate this expectation; a typical 
example of the situation is seen in the lower stress “gm 
of polyethylene B-1, Figure 6. On the other hand as 
stress rises, the difference in shear histories results in 
increasing differences in the — melt viscosities of 
the H.S.V. and extruder melts in the respective die 
chamber assemblies, the extruder melts becoming pro- 
gressively less viscous. A particular stress value should 
then exist for each melt, at which the H.S.V. and ex- 
truder flow curves intersect, and beyond which extruder 
outputs exceed their corresponding H.S.V. values. This 
intersection was also generally suggested by the data, 
and is indicated by both polyethylenes of Figure 6. In 
the case of the sample A-3, (melt index 0.22) the ob- 
served non-concurrence is probably due in part to the 
time effects characterizing attainment of a steady state 
in the H.S.V. 


Prediction of Extruder Performance 


Within the defined, broad range of operating condi- 
tions, the flow data obtained for a large number of low 
density polyethylenes from the H.S.V. and the 2% in. 
Hartig extruder are identical within the experimental 
error. This indicates an identity of the apparent melt 
viscosities in the dies of the two instruments. Since for 
a given extrusion system, such performance characteris- 
tics as output rate, screw power requirement, etc. are 


A (in?) 


Figure 8. Correlation between h.s.v. flow curve parameter and 
extruder screw power consumption 
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principally dependent on the melt viscosity (12), the 
possibility arises of using H.S.V. flow data for predic- 
tions of extruder performance. 

The principal problem in such a prediction is the 
definition of a suitable parameter of the H.S.V. flow 
curve. It was felt that a single parameter summarizing 
a major portion of the flow curve, would be most suit- 
able for the purpose. One such parameter was arbi- 
trarily defined as the area parameter, A, and is given by 


P = 1,000 p.s.i. 
A = flog Qd log P 4 
P = 100 p.s.i. 


Q = .001 gm./min. 


Referring now to Figure 7, A is the area under the 
H.S.V. flow curve taken in the applied pressure decade 
from 100-1000 p.s.i., using as a base line the 0.001 
gm./inin. output ordinate in the log Q-log P plot. 

To test the possibility of using the A parameter in a 
prediction of extruder performance, its correlation with 
screw power requirement was investigated. The A val- 
ues of arbitrarily selected low density polyethylenes 
were determined from their H.S.V. flow curves by 
means of a planimeter. The A values were then com- 


pared with various functions of the screw power re- 
200 


quirement, Z,, at the arbitrarily chosen output rate of 
200 gm./min. The optimum correlation is shown in 
Figure 8°, where the reciprocal of the absolute power 
requirement is plotted versus A. The least squares line 
represents the relation 


(z’) = (0.310 x 10°)A + 0.203 x 10° 5 


which has a correlation coefficient of nearly 0.96. The 
data cover the entire investigated temperature range of 
160-220°C; the A function was always taken from 
H.S.V. data determined at the same temperature as the 
extruder experiments. 

The above example indicates that a rapid and quite 
accurate prediction of extruder performance, from H.S.V. 
data is feasible. The H.S.V. data required for the com- 
putation of an adequately defined A value can generally 
be determined in considerably less than one hour oper- 
ating time, and the ensuing calculation of extruder per- 
formance parameters (for example screw power re- 
quirement) is specific to the polymer sample in ques- 
tion. Although the correlation equation 5 is clearly 
characteristic of the extrusion apparatus involved in this 
study, the present results may again be taken to indicate 


® The area-screw power relationship is based on 52 experimental 
points. For simplicity only about one half of these are indicated in the 
plot. 


general patterns of extruder versus melt viscometer flow 
behaviour. Thus, the form of the correlations is thought 
to be general, but the proportionality constants must be 
determined for any set of extrusion devices. 


Summary 


For broad ranges of operating conditions and a wide 
variety of high pressure polyethylenes, the flow data 
obtained from a high shear viscometer and a commercial 
extruder are identical. Discrepancies between flow data 
can result from non steady-state viscosities in the high 
shear viscometer, oF from cooled screw extruder opera- 
tion. In the broad regions in which the flow data concur, 
the readily obtained viscometer data are suitable for 
predictions of extruder performance. The principle is 
illustrated by the good correlation of a viscometer flow 
curve parameter and the screw power consumption in 
the extruder. The principles outlined for flow data iden- 
tity and extruder performance prediction are believed to 
be general, but the quantitative limits defined in this 
work are specific to the extrusion devices involved. 
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Experiments and theory which point 
the way to the development 
of plastics which do not exhibit 
brittle fracture 


heories which relate mechanical behavior to struc- 
tural models of polymer networks (9, 10, 11) are 
most successful when applied under limiting conditions 
to systems which unambiguously show the character- 
istics of either the rubbery or of the glassy state. Neither 
of these classifications seems to fit precisely many of 
those more complex polymeric compositions of com- 
mercial importance commonly identified by the common 
name “high impact” thermoplastics**—whether amor- 
phous polyblends, crystalline or block polymers. 
Despite other irregularities in mechanical behavior, 
these special polymers show a characteristic type com- 
plex stress-strain curve (2). At low strains the elastic 
behavior is nearly linear and modulus is comparatively 
high as for glassy polymers. At some critical stress, the 
plastic yields, often showing rapid stress decay, ductile 
flow, and, in most instances, ultimately a strain-harden- 
ing. The shapes of the tensile curves and ultimate prop- 
erties vary considerably depending upon chemical com- 
position of the plastic and upon the speed of the test. 
However, when all are compared at straining speeds 
exceeding about 450 per cent per minute, many of the 
impact resistant types, irrespective of compositional dif- 
ferences, showed a linear correlation between area under 
the stress-strain curve and energy to cause failure in 
special falling weight tests (2). The tendency to show 
a higher tensile strength and modulus with increasing 


°° For a discussion of a feasible way to classify plastics according 
to their impact resistance properties, see reference (2). 
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speeds is expected for glassy polymers (14). The fact 
that elongation is preserved with increasing speed seems 
not to fit simple theory. Possibly some structural fea- 
tures exist which dominate the fracture mechanism. 
These structural features may be larger than the mo- 
lecular dimensions involved in the ordinary network 
models and perhaps are common characteristics of most 
species of the “impact resistant” group of polymers de- 
scribed in an earlier publication (2). 

This study was directed mainly to a search for such 
common structural features by: (I) Thermal analysis 
involving determination of the dynamic modulus as a 
function of temperature, (II) Determination of stress 
relaxation behavior at room temperature, (III) Exami- 
nations of replicas of fracture sections with the electron 
microscope. 

Although the empirical facts collected are not enough 
to lead to a satisfactory rheological model of structure, 
the experiments reviewed here point to some coinci- 
dences which will need to be considered in developing 
a better theory and which are immediately useful in 
guiding experimentation in development of tougher 
plastics; that is plastics which do not show brittle frac- 
ture and which exhibit a cold-flow region in high speed, 
stress-strain curves. 

The group of polymers investigated contains species 
which at the start of this study in 1956 seemed to be 


® Present Address: Technical Director, The Master Mechanics Co., 
Cleveland 28, Ohio. 
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typical representatives of several classes of impact re- 
sistant polymers of commercial importance. 
Lo The sequence of code letters after the name of the 
polymer in the figures; for example, rigid poly(vinyl- 
chloride), “(RVC)”, are included to refer the data here 
back to tensile data for the same polymers in an earlier 
publication (2). 


Dynamic Modulus as a Function of Temperature 
One of the convenient tools used to study the dynamic 
properties of plastics as a function of temperature is the 
; torsion pendulum. Nielsen (3), Buchdahl and Nielsen 
. } (4), Jaenckel (5), Schmieder and Wolf (6), and Kuhn, 
“00-00-8008 WO ON Kunzle, and Preissman (7) are among those who have 
TEMPERATURE, *C described its use and application. For example, Buch- 
Figure 1. Shear Modulus (G’) and Damping Decrement (5) as dahl and Nielsen (4) show that for a homopolymer or 
a Function of Temperature for Poly(styrene)—PS (2) for two monomers which have been copolymerized to 
won vield a homogeneous amorphous polymer, only‘a single 


‘ 


LOG DAMPING DECREMENT 


transition can be observed in the plots of either the 
modulus or damping decrement versus temperature. 
Le However, when a rubber and another amorphous poly- 
mer were blended to produce a heterogeneous plastic, 
‘ then two modulus transitions and two peaks in the 
damping curve were recognized, each one occurring in a 
“ i transition temperature range near that which is charac- 
* 0! teristic for each polymeric phase in the blend. In these 
ea of A : polyblends, the height of the peak of the damping curve 
" a r and the extent to which the modulus declined near the 

ee, glassy transition of the rubber phase depended upon the 
amount of rubber present. 


TEMPERATURE °C 


Figure 2. Shear Modulus (G’) and Damping Decrement (3) as 
a Function of Temperature for Rigid Poly(vinyl-chloride)— supplement in 


. RVC (2) some of which are cited here, a similar sort of thermal 
e analysis with the torsion pendulum was performed for a 
number of the plastics described earlier (2). The equip- 
ment was as described by Buchdahl & Nielsen (4). 
2.0 The curve shown in Figure 1 for the brittle plastic. 
polystyrene, was drawn from data by Schmieder and 
Wolf (6) because their data extends to lower tempera- 
tures than ours. (In the common temperature range, 
down to —50°C, our data agree). Only one small drop 
in modulus occurs between the glass transition and 
—100°C. Low damping capacity is exhibited at all tem- 
F109 peratures below the glass transition. 
: Figure 2 for another brittle plastic, partially crystal- 
f line poly(vinylchloride), shows only a slight drop in 
modulus between its amorphous transition and —50°C 
and damping capacity is low. 
The amorphous polyblends of elastomers with glassy 
polymers show transitions characteristic of each com- 


10° . . 
ponent. For example, the medium impact, polyblend of 
poly (styrene) with an SBR-elastomer of Figure 3, has a 
2.04 peak beginning at —40°C. The blend of nitrile rubber 
with a_ styrene-acrylonitrile copolymer of Figure 4 
shows a very distinct low temperature peak at a tem- 
159 ‘ f —20°C 
perature o . 
s 
104 : Figure 3. Shear Modulus (G’) and Damping Decrement (5) as 
Figure 4. Shear Modulus (G’) and Damping Decrement (8) as 


a Function of Temperature for Medium Impact Polyblend of 
05. 
pe 
: a Function of Temperature for High Impact Polyblend of 


G, DYNES PER SQ. CM. 


05 


4, LOG DAMPING DECREMENT 


G, DYNES PER SQ. cm 


Poly(styrene) and Styrene-Butadiene Copolymer Rubber—RSB 


(2) 


5, LOG DAMPING DECREMENT 


40 80 120° 160 Styrene-Acrylonitrile Copolymer with Acrylonitrile-Butadiene 
TEMPERATURE, °C Copolymer Rubber—CRS (2) : 
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A so-called “block copolymer”, derived from copoly- 
merization of styrene-butadiene-acrylonitrile has a curve 
(Figure 5) in which the rate of drop-off of modulus at 
lower temperature and the corresponding damping curve 
show a more gradual transition with temperature than 
do mechanically mixed polyblends (e.g. Figure 4); 
however, the general pattern is similar. 

The curves for partially crystalline homopolymers 
show similarities to so-called “alloys” or “polyblends” 
or “block-copolymers”. For example, a nylon 6 (data 
from reference 6) shows a series of low temperature 
damping peaks, (Figure 6) none as sharp as that shown 
in the foregoing illustration for some special copolymers 
(Figure 5) and the elastomer-poly(styrene) blends. 
Other nylon curves of similar type but not extending to 
as low a temperature are cited in reference ‘ _—Celllu- 
lose acetate, Figure 7, which shows a cont. .vus drop 
of modulus, starting at —40°C with a correspondingly 
high damping peak resembles the copolymer curve of 
Figure 5. Data for Figure 8 on polyethylene were taken 
from Schmieder and Wolf (6). The same continuous 
drop-off of modulus is shown as for cellulose acetate in 
Figure 7, but a greater number of low temperature peaks 
occur. This complex sort of thermal-analysis curve is 
not uncommon for partly crystalline polymers and poly- 
olefins in particular. Explanations of these complexities 
are not yet clear. The thermal analysis here may be 
identifying the co-existence of different degrees of crys- 
talline perfection or order. 

Whether or not all sharp modulus transitions in the 
thermal analysis curves truly identify a phase transition 
is still open to argument. However, despite uncertainties 
in interpretation of the significance of comparing sharp 
versus gradual rates of decline of modulus with increas- 
ing temperature, the interesting empirical fact emerges 
that the modulus temperature behavior can be related 
to non-equilibrium values of ultimate elongation ob- 
served in high speed tensile tests. Table I offers such a 
comparison. In order to obtain ductile behavior rather 
than fracture at high strain rates seems to require that 
a plastic must show at least one major transition at tem- 
peratures below the ambient temperature of the tensile 
test; that is, with respect to structure, if a glassy (or 
crystalline) component is present, then it must coexist 
along with an elastomer. 


Relaxation Modulus Behavior 

Tobolsky (9, 10) describes five time-temperature 
regions of modulus relaxation behavior: (1) a glassy 
region where the rate of decline of modulus is very slow, 
(2) a transition region, where the decay is very rapid, 
(3) a “rubbery plateau” region where again the decline 
is slow, (4) a rubbery-flow region and (5) a liquid flow 
region showing very little elastic recovery. To ascertain 
which behavior was characteristic of impact resistant 


Figure 7. Shear Modulus (G’) and Damping Decrement (8) as 
a Function of Temperature for Cellulose Acetate—CA (2) 


Figure 8. Shear Modulus (G’) and Damping Decrement (8) as 
a Function of Temperature for Low Density Type of Poly- 
ethylene 
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Figure 5. Shear Modulus (G’) and Damping Decrement (8) as 
a Function of Temperature for ‘Block Copolymer” of Styrene- 
Acrylonitrile-Butadiene—TERP (2) 
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Figure 6. Shear Modulus (G’) and Damping Decrement (8) as 
a Function of Temperature for nylon-6 
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Table 1. Modulus Temperature. Behavior can be Related to Non-Equilibrium Values 


of Ultimate Elongation Observed in High Speed Tests 


Shear Modulus, G, in 


10° dynes/cm’ at 


Elongation (% )* 
at Break 
in 23°C, 
0.333 in/sec. 


Elongation (%) for 
Stress-Relaxation 
Tests of Figures 
10-18. Second Figure is 


% Decline in 
G Between 


Plastic Type —50°C 25°C —50° & 25°C Tensile Test Elongation After Yielding 
Poly(styrene) 14 12 1] 0.9; 
Poly(vinylchloride) 15 12 20 7.0 0.9; = 
Polyblends: 
SBR + poly(styrene)-(A) 53 28 7.9 
SBR + poly(styrene)-(B) 9.0 7.1 21 8.8 0.9; a7 
SBR + Copolymer styrene/acrylonitrile no 5.5 27 11 0.9; 8.0 
“Block Copolymer’ of styrene, 
acrylonitrile, butadiene (Inj. Molded) 12 6.5 48 15 0.9; 2.8 
Crystalline: 
Nylon 6 10 5 50 19 0.9; 8.0 
Cellulose Acetate 18 7.8 57 22 6.9; 9.0 
Poly(ethylene) 9 ] 89 100 Bes 22.0 


* Extensive tensile data for these polymers have been reported in SPE Journal, Vol. 16, Number 1, January 1960, pp. 76-83. 


plastics in the temperature interval around room tem- 
perature, the stress-relaxation behaviors were examined 
at the constant temperature of 23°C. 

Because all impact resistant thermoplastics showed a 
yield stress beyond which tensile behavior was much 
different from that prevailing before yield,' it seemed 
probable that significant differences in relaxation be- 
havior should prevail depending upon whether or not 
the plastic had been strained beyond the yield value. 

Tensile stress relaxation was determined with an In- 
stron Tester, whose load cell was connected to a San- 
born Recorder. The samples were stretched at a rate of 
450 per cent per minute, then halted automatically at 
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a predetermined strain (Table I). To determine relaxa- 
tion after yield, samples were stretched beyond the yield 
point shown in tensile tests. The percentage decline of 
original stress was plotted against the logarithm of time. 
Because of considerable variation from sample to sam- 
ple, it seems advisable to plot individual samples sepa- 
rately in Figures 10-17—hence points covered by dif- 
ferent symbols span a band which contains the average 
curves for each condition of testing. 

The brittle plastics, polystyrene, Figure 9, and rigid 
vinyl chloride, Figure 10, showed very little decay of 
stress over a two hour period. Most ductile plastics 
showed somewhat more decay of stress. The “medium- 


LOG Time In SECONDS 


Figure 9. Stress Relaxation Ratio of Stress at time t to Initial 
Stress, so times 100 vs log time in seconds for Poly(styrene)— 
PS 
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Figure 10. Stress Relaxation 
Ratio of Stress at time t to Ini- 
tial Stress, so times 100 vs log | 
time in seconds for Rigid Poly- | 
(vinylchloride)—RVC | 


| 
eerone view | 
as 
B BBa nce © a6 
re | 
| 
| 
70 
p AFTER YIELD 
ole a 
60 
| 
| 
| 
} “0 
| 
Loc Time m seconos | 30 
| | 
° \ 2 3 (4 8 
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Stress, so times 100 vs log time in seconds for Poly(styrene)— 
SBR polyblend—RSB 
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impact” poly (styrene), Figure 11 and “block copolymer”, 
Figure 12 showing the least, followed by the blend of 
nitrile rubber-styrene copolymer, Figure 13, and the 
crystalline plastics, Nylon-6, Figure 14, cellulose acetate, 
Figure 15, and low density polyethylene, Figure 16. 
The curve for a typical SBR-Elastomer is shown for 
comparison in Figure 17. The bar graph of Figure 18 


compares the slopes of the curves of Figures 10-17 when 
measured at constant strains below and above the ap- 
parent yield value. In all cases except polyethylene, a 
marked increase in slope was observed at strains ex- 
ceeding yield. The exception polyethylene behaves as 
though it were past the transition and well into the 
rubbery plateau region of the Tobolsky classification 
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Figure 12. Stress Relaxation Ratio of Stress at time t to Initial 
Stress, s» times 100 vs log time in seconds for Ternary ‘’Block Figure 14. Stress Relaxation 
Copolymer’’—TERP Ratio of Stress at time t to Ini- 
tial Stress, so times 100 vs log 
Figure 13. Stress Relaxation Ratio of Stress at time t to Initial time in sean for nylon-6 
Stress, s» times 100 vs log time in seconds for Styrene-Acryl- 
onitrile Copolymer—NBR polyblend—CRS (2) 
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Figure 15. Stress Relaxation Ratio of Stress at time t to Initial 
Stress, so times 100 vs log time in seconds for Cellulose Ace- 


tate—CA 


Figure 16. Stress Relaxation Ratio of Stress at time t to Initial 
Stress, so times 100 vs log time in seconds for Low Density 
Type Polyethylenes 
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Figure 17. Stress Relaxation 
Ratio of Stress at time t to Ini- 
tial Stress, so times 100 vs log 
time in seconds for Butadiene- 
Styrene Copolymer Rubber— 
RSB 
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Figure 18. Slopes of Stress Relaxation Curves Between | and 
1000 seconds compared at strain levels less than and greater 
than apparent yield stress in 450% per minute tensile test 


Figure 19. Electron Micrograph of a Fracture Section of 
Poly(methyl methacrylate). MEME (2) 


(10). When compared after yield much of the individual 
difference between samples disappeared. 

The relaxation behavior of impact resistant plastics, 
like the behavior of dynamic modulus with temperature, 
suggest that at ambient temperatures the polymers be- 
have as if they were somewhere in between the glassy 
and rubbery plateau regions of Tobolsky’s classification 
(10). After yielding, the relaxation behavior becomes 
even more characteristic of the transition region. It seems 
as if high-speed straining beyond yield destroys the 
continuum of an apparent glassy structure and converts 
the plastic to some structure which resembles more a 
reinforced rubber in stress-compliance behavior. For 
sheet plastics in impact tests, these permanent changes 
are confined to the region of the impact blow (2). 


Electron Microscope Morphology of 
Fracture Sections 

Sometimes brittle amorphous polymers can be made 
impact resistant by milling them together with a com- 
patible rubbery polymer at some elevated temperature 
usually above the glassy transition of both components. 
Upon cooling, a microscopically observable hetero- 
geneity becomes apparent even at low magnifications of 
400 x. Hence better impact resistant plastics are made 
up of two or more phases arranged in something like a 
grain structure in metals. Whether all rigid thermoplas- 
tics which are impact resistant are heterogeneous, poses 
an interesting question. In a most general sense, hetero- 
geneity can be defined as coexistence of adjacent micro- 
scopic domains having dissimilar mechanical behavior. 
These may be distinct phases, or possibly not. Micro- 
scopy should help in clarifying this question if our inter- 
pretation of the micrographs is correct. 

Fracture sections of the polymers here studied were 
examined by electron microscopy. The basic assumption 
was that differences in mechanical behavior in separate 
domains on a microscopic level would lead to structured 
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fracture patterns and that these differences become 
sharper and less-dependent upon strain rate at low tem- 
peratures. The fracture tests were conducted as follows: 

Slightly notched injection molded samples of plastics 
were chilled to —60°C with solid carbon dioxide and 
then fractured with a sharp blow. Replicas were pre- 
pared using the gelatin-silica-chromium technique de- 
scribed by Bobalek, Lacson, and Dawson (1). Trans- 
mission micrographs of the silica replicas were taken 
with an RCA-EMYV, electron microscope usually at 
magnifications of 10,000 to 40,000 x. Some typical 
results are shown in Figures 19 to 24. 

Figure 19 shows poly(methylmethacrylate), a brittle 
water-white plastic, whose tensile rupture energy at 
rates of 450 per cent per minute was only 24 inch- 
pounds per cubic-inch. Figure 20 shows a bright poly 
(styrene) of tensile rupture energy less than 33 inch- 
pounds per cubic-inch. Both of these polymers show a 
fracture surface that is featureless. These homopolymers 
lack a domain structure which resembles anything like 
what exists in the amorphous polyblends or in partly 
crystalline polymers. 

The blend of nitrile-rubber with styrene-acrylonitrile 
copolymer which has a tensile rupture energy of 630 inch- 
pounds per cubic-inch showed a very rough surface 
pattern, Figure 21. The ternary copolymer, Figure 22, 
with a rupture energy exceeding 518 inch-pounds per 
cubic inch had a rough surface quite similar to that of 
the mechanically mixed polyblends. 

As might be expected, the fracture surface of opaque 
and partly crystalline nylon-6, Figure 23, showed con- 
siderable structure. It is very interesting that a similar 
structure of much finer dimensions is shown also by the 
transparent cellulose acetate, Figure 24. This seems to 
be about the lower limit of effective domain size. While 
fracture patterns can be observed in many polymers like 
poly (styrene) or poly(methylmethacrylate) at very high 
magnifications exceeding 60,000 x, coarser patterns are 
absent in the range of about 400-40,000 x, suggesting 
different details of the fracture mechanism. 

There is no magic in heterogeneity alone. Many blends 
can be made which show structured fracture without 
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Figure 20. Electron Micrograph of a Fracture Section of 
Poly(styrene)—PS 


being tough plastics. However, all rigid plastics which 
also behave somewhat like elastomers during and after 
loading seem to show a fracture pattern suggesting do- 
main heterogeneity of topographical dimensions usually 
coarser than that shown in cellulose acetate. 


Discussion 


The differences between impact resistant and_ brittle 
thermoplastics are shown most clearly in the rate de- 
pendence of tensile properties and in the temperature 
dependence of low strain dynamic behavior. Some com- 
mon features of behavior and structure encourage at- 
tempts to define the tough plastics as a separate family. 
The important distinctions are summarized in Table 2. 

The differences here shown between the behavior of 
impact resistant and brittle plastics can be achieved 
either by milling rubber with a glassy plastic, by special 
techniques of copolymerization, or by altering crystal- 
lization kinetics through control of molecular architec- 
ture and composition so as to attain the proper degree 


Figure 22. Electron Micrograph of a Fracture Section of ‘’Block 
Copolymer’ of Styrene-Acrylonitrile-Butadiene—TERP 
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Figure 21. Electron Micrograph of Styrene-Acrylonitrile Co- 
polymer with Acrylonitrile-Butadiene Copolymer Rubber— 
CRS 


of crystallinity or spherulite aggregation. In each case, 
an intimate mixture (but not solution) of high and low 
modulus component seems to be necessary so that a 
thermoplastic at room temperature can be made ductile 
under impact loading without sacrificing rigidity and 
strength. 

Whether all rigid thermoplastics which show the 
“cold-draw” phenomenon at impact loading are hetero- 
geneous is doubtful. Smith (12, 13) has observed cold- 
drawing in polyisobutylene and in RSB rubber at 
—67.8°C (just about its T, of —63°C). There is no 
reason to presume that domain heterogeneity must oc- 
cur in passing through the transition region. However, 
for the present, we can assume that domain heterogene- 
ity of optimum size, distribution, and type, produced in 
one way or another, provides at least one approach to 


NYLON 6 anmealed 


Figure 23. Electron Micrograph of a Fracture Section of Ny- 
lon-6 


99 


be 


Table 2. Differences Between Impact Resistant and Brittle Thermoplastics 


Observation 


Not Impact Resistant 


Impact Resistant 


Stress-strain curve at speeds exceeding 
450% per minute. 


Variation of dynamic shear modulus as 
a function of temperature. 


Relaxation modulus-time curve. 


Damping properties as function of tem- 
perature in dynamic tests. 


Microstructure of fracture sections at 


Brittle fracture short of a distinct yield 
value. 


Shear modulus almost as high at 25°C 
as at —50°C. 


Very slight drop in modulus up to two 
hours for all degrees of strain short of 
break. 


Low and flat below main glass transition 
temperature. 


Featureless. 


Shows critical yield stress, stress decline 
after yield followed by a region of plas- 
tic flow; possibly work-hardening region 
at high extensions. 


Marked rise in modulus with falling 
temperature. This takes place either 
gradually or with ‘‘terraces’’. Whichever 
is the case, ultimate elongation at 
450% /min. is roughly proportional to 
total amount of rise of modulus curve 
between ambient and very low temper- 
atures. 


Significant drop in modulus with time 
before yielding. At strains above yield, 
relaxation rate much greater. 


High damping either with several sharp 
peaks or one or two broad wide peaks. 


Structured fracture patterns. 


magnifications of 400 to 50,000 x 


creating a plastic which at ambient temperatures shows 
the same desirable relaxation modulus behavior as oc- 
curs only at inconvenient temperatures for most poly- 
mers which fit the amorphous network rheological 
models. This approach is apparently more versatile than 
attempts to shift the glass transition range to a useful 
position in the thermal scale by synthesis of homogene- 
ous copolymers of the amorphous type. 

The empirical observations already accumulated sug- 
gest that much has been done rather easily by trial and 
error in simulating transition region behavior at room 
temperature through various means of controlling a 
quasi or real polyphase condition of optimum morphol- 
ogy. A more complete definition of the rheological sys- 
tem here needs to account for the interaction of adhe- 
sion forces between domains with the bulk elastic be- 
havior of polymers in each domain. Such information 
would provide a basis for construction and optimization 
of rheological models which may be more easy to attain 
in practice than defect-free, homogenous net-work 
polymers which also should be very impact resistance 
even in the glassy region. 


ICELLULOSE ACETATE 
- (after yielding) 


Figure 24. Electron Micrograph of a Fracture Section of Cellu- 
lose Acetate—CA 


100 


Literature References 


1. Bobalek, E. G., Lacson, J., and Dawson, W. R., J. 
Appl. Polymer Science 3, 113 (1960). 

2. Evans, R. M., Nara, H. R., and Bobalek, E. G. 
SPE Journal, 16, 76-83 (1960). 

3. Nielsen, L., Review Sci. Inst., 122, 9, 690 (1951). 

4. Buchdahl, R., and Nielsen, R. SPE Journal (May 
1953). 

5. Jaenckel, E., Kolloid Z., 136, 142. 

6. Schmieder, K., and Wolf, K., Kolloid Z, 134, 2/3... 
149. 

7. Kuhn, W., Kunzle, O., and Preissman, A., Rubber 
Chem. and Tech. 27, 36, 154 (1954); 28, 694 
(1955). 

8. Sauer, J. A., and Woodward, A. E. Rev., Mod. Phys. 
32, No. 1, 88-107 (Jan. 1960). 

9. Tobolsky, A. V., and McLoughlin, J. R., J. Polymer 
Sci. 8, 543 (1952). ; 

10. Tobolsky, A. V., “Properties and Structure of Poly- 
mers’. John Wiley & Sons Inc., N. Y. 1960. 

11. Payne, A. R., and Scott, J. R., “Engineering Design 
with Rubber”. Interscience Publ. Inc., N. Y. 1960. 

12. Smith, T. L., J. Polymer Sci. XXXII, 99-113 (1958). 

13. Smith, T. L., J. Polymer Sci. XX, 89, (1956). 

14. Smith, T. L., SPE Journal 16, 1211 (1960). 


NOTE: This paper abstracts and updates a part of the experimental 
work reported by Robert M. Evans in a Ph.D. Thesis on 
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Thermodynamic Diagrams for Polyethylene Resins 
by J. M. Lupton 


Diagrams showing the effects of pressure, volume, and temperature on thermo- 
dynamic properties such as enthalpy, internal energy, and entropy are well known 
for simple substances and serve many purposes in science and engineering. Such 
diagrams for thermoplastic resins have been less frequently used, reflecting many 
complications in acquiring and interpreting the necessary data. However, recent 
studies show that a series of assumptions can be used to develop useful new 
diagrams of wide scope for polyethylene resins. 


The Strength of Glassy Polymers 


by J. P. Berry 


The Griffith theory for brittle fracture predicts that the tensile strength should 
be inversely proportional to the square root of the size of a defect or flaw in the. 
sample tested. The validity of this relation has been investigated for the glassy 
polymers, poly (methyl methacrylate) and polystyrene. The results indicate that 
the strength of the polymers depends on two factors: (1) the surface energy, and 
(2) the inherent flaw size. The surface energy is primarily that dissipated in a 
viscous flow process and the inherent flaw size is related to the tendency of the 
polymer to craze under stress. 


The Effect of Extrusion Variables on the Fundamental Properties of 
Tubular Polyethylene Film 


by N. D. Huck and P. L. Clegg 


The mechanism of formation of tubular polythene film is a complicated process, 
and extensive studies have shown that the properties of the film made are in- 
fluenced profoundly and in a complex way both by the processing conditions used 
and by certain design features of the equipment. Studies of the effect of the ex- 
trusion variables on the more important film properties, both optical and mechani- 
cal, are reviewed in this paper. The results are discussed in terms of the funda- 
mental nature of polythene film, its surface, its crystalline structure and its 
orientation. It is shown that the properties are determined almost completely 
by the melt history from just before the die to just after the freeze line. 


Flow Patterns in a Non-Newtonian Fluid in a Single-Screw Extruder 
by W. D. Mohr, J. B. Clapp, and F. C. Starr 


Flow patterns in the channel of a screw extruder have been investigated in a 
study utilizing a model extruder with stationary screw and a rotating, transparent 
barrel. Photographs of flow streamlines at conditions over the full range of output 
restrictions are presented for a non-Newtonian fluid. A technique employing 
photographs of particle tracers was used with the same apparatus to permit quan- 
titative measurement of velocity profiles with both a Newtonian and a non- 
Newtonian fluid. 
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